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Abstract 

A study on the effective anomalous interactions, up to dimension 5, of the 
top quark with the electroweak gauge bosons is made in the non-linear Chi- 
ral Lagrangian approach. Bounds on the anomalous dimension four terms are 
obtained from their contribution to low energy data. Also, the potential con- 
tribution to the production of top quarks at hadron colliders (the Tevatron 
and the LHC) and the electron Linear Collider from both dimension 4 and 5 
operators is analyzed. 
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1 Introduction 



Despite the unquestionable significance of its achievements, like that of predicting 
the existence of the top quark fl[], there is no reason to believe that the Standard 
Model (SM) is the final theory. For instance, the SM contains many arbitrary pa- 
rameters with no apparent connections. In addition, the SM provides no satisfactory 
explanation for the symmetry-breaking mechanism which takes place and gives rise 
to the observed mass spectrum of the gauge bosons and fermions. Because the top 
quark is heavy relative to other observed fundamental particles,[] one expects that 
any underlying theory; to supersede the SM at some high energy scale A ^> mt, 
will easily reveal itself at lower energies through the effective interactions of the top 
quark to other light particles. Also because the top quark mass (~ v/y/2) is of the 

order of the Fermi scale v = (\/2Gf) = 246 GeV, which characterizes the elec- 
troweak symmetry-breaking scale, the top quark system could be a useful probe for 
the symmetry-breaking sector. Since the fermion mass generation can be closely re- 
lated to the electroweak symmetry-breaking, one expects some residual effects of this 
breaking to appear in accordance with the mass hierarchy |2], ||. This means that 
new effects should be more apparent in the top quark sector than in any other light 
sector of the theory. Therefore, it is important to study the top quark system as a 
direct tool to probe new physics effects ||. 

Many attempts to offer alternative scenarios for the electroweak symmetry break- 
ing mechanism are discussed in literature. A general trend among all alternatives is 
that new physics appear at or below the TeV scale. Examples include Supersymme- 
try models |J, technicolor models || [7| and possibly extended technicolor sectors to 
account for the fermion masses M, 0]. Other examples include top-mode condensate 



models |T0[ and a strongly interacting Higgs sector fTT| . 

An attempt to study the nonuniversal interactions of the top quark has been 
carried out in Ref. 0, |[ by Peccei et al. However, in that study only the vertex 
t-t-Z was considered based on the assumption that this is the only vertex which gains 
a significant modification due to a speculated dependence of the coupling strength on 
the fermion mass: /%j < O ( ^ m * mj j ; where Kij parameterizes some new dimensional- 
four interactions among gauge bosons and fermions % and j. However, this is not the 
only possible pattern of interactions, e.g., in some extended technicolor models || 
one finds the nonuniversal residual interactions associated with the vertices bi-b^-Z , 
tL-ti-Z , and ti-bi-W to be of the same order. 

Because of the great diversity of models proposed for possible new physics (beyond 
the SM), it has become necessary to be able to study these possible new interactions 

1 As of the summer of 1996, the mass of the top quark has been measured at the Fermilab Tevatron 
to be m t = 175.6±5.7 (stat.)±7.1(sys.) GeV by the CDF group and m t = 169±8 (stat.)±8(sys.) GeV 
by the D0 group, through the detection of tt events. 



2 



in a model independent approach |12[ . This approach has proved to render relevant 
non-trivial information about the possible deviations from the standard couplings of 
the heavier elementary particles (heavy scalar bosons, the bottom and the top quarks, 
etc.) [13| . Our study focuses on the top quark, which because of its remarkably higher 
mass is the best candidate (among the fermion particles) for the manifestation of these 



anomalous interactions at high energies |]l4 



A common approach to study these anomalous couplings is by considering the 
most general on-shell vertices (form factors) involving the bottom and the top quarks 
together with the interaction bosons ||. In this work we will incorporate the effec- 
tive chiral Lagrangian approach |15| , 16] , which is based on the principle of gauge 
symmetry, but the symmetry is realized in the most general (non-linear) form so as 
to encompass all the possible interactions consistent with the existing experimental 
data. The idea of using this approach is to exploit the linearly realized U(l) em sym- 
metry and the non-linearly realized SU(2) L x U(1) Y symmetry to make a systematic 
characterization of all the anomalous couplings. In this way, for example, differ- 
ent couplings which otherwise would be considered as independent become related 
through the equations of motion. 

We show that in general low energy data (including Z pole physics) do not impose 
any stringent constraints on the anomalous dimension four coefficients k of ( see 
Eq. ( p2|) )Q. This means that low energy data do not exclude the possibility of new 
physics whose effects come in through the deviations from the standard interactions 
of the top quark, and these deviations have to be directly measured via production of 
top quarks at the colliders. For instance, the couplings k^ c r can be measured from the 
decay of the top quarks in it pairs produced either at hadron colliders ( the Fermilab 
Tevatron and the CERN Large Hadron Collider (LHC) ) or at the electron linear 
collider ( LC ). They can also be studied from the production of the single-top quark 
events via, for example, H^-gluon or VT-photon fusion process |p7| . The coupling k^r 
can only be sensitively probed at a future linear collider via the e + e~ — > 7, Z — > it 
process because at hadron colliders the it production rate is dominated by QCD 
interactions ( qq,gg — > it ). However, at the LHC may also be studied via the 
associated production of it with Z bosons (this requires a separate study). 

Also, we will include the next higher order dimension 5 fermionic operators and 
then examine the precision with which the coefficients of these operators can be 
measured in high energy collisions. Since it is the electroweak symmetry breaking 
sector that we are interested in, we shall concentrate on the interaction of the top 
quark with the longitudinal weak gauge bosons; which are equivalent to the would- 
be- Goldstone bosons in the high energy limit. This equivalence is known as the 



Goldstone Equivalence Theorem fT8||-f2T 



2 For simplicity, we will only construct the complete set of dimension 4 and 5 effective operators 
for the fermions t and b, although our results can be trivially extended for the other fermion fields, 
e.g. flavor changing neutral interactions t-c-Z, etc. 
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Our strategy for probing these anomalous dimension 5 operators ( ) is to study 
the production of it pairs as well as single-t or t via the WlWl, ZlZl and WlZl 
(denoted in general as VlVl) processes in the TeV region. As we shall show later, 



based on a power counting method |22|, the leading contribution of the scattering 
amplitudes at high energy goes as E 3 for the anomalous operators where E = y/s 
is the CM energy of the WW or ZZ system (that produces it), or the WZ system 
(that produces tb or bt). On the other hand, when the k coefficients are set equal 
to zero the dimension 4 operators can at most contribute with the first power 
E 1 to these scattering VlVl processes . In other words, the high energy VlVl — > f f 
scatterings are more sensitive to than to £ (4) (with k's = 0). If the /c's are not set 
equal to zero, then the high energy behaviour can at most grow as E 2 as compared 



to E for the dimension 5 operators p3| . Furthermore, the dimension 4 anomalous 
couplings re's are better measured at the scale of Mw or m t by studying the decay or 
the production of the top quark at either the Tevatron and the LHC as mentioned 
before, or the LC at the it threshold (for the study of Z-t-t). 

We show that there are 19 independent dimension 5 operators (with only t, b and 
gauge boson fields) in after imposing the equations of motion for the effective 
chiral lagrangian. The coefficients of these operators can be measured at either the 
LHC or the LC to magnitudes of order 10 -2 or 10 _1 after normalizing (the coefficients) 
with the factor]] i based on the naive dimensional analysis [^, [I6| . It is expected 
that at the LHC or the LC there will be about a few hundreds to a few thousands of 
it pairs or single-t or single-t events produced via the VlVl fusion process. 

This work is organized as follows: In section 2 we will introduce the basic frame- 
work of the non-linearly realized chiral Lagrangian, in which the SU(2)l x U(1)y 
gauge symmetry is nonlinearly realized. In this approach, only the U(1)em symme- 
try remains unbroken and thus the realization under this subgroup is linear as usual. 
We will set up a Lagrangian with dimension 4 terms that will reproduce the couplings 
of the Standard Model type, as well as possible deviations. Then, in sections 3 and 4 
we discuss the constraints on the dimension 4 anomalous couplings from low energy 
data and the strategies to directly measure these couplings at the hadron or electron 
colliders. In sections 5 and 6 we construct the complete set of dimension 5 couplings 
and discuss their effects to the production of top quarks in high energy regime via 
weak boson fusion processes. Finally our conclusions are given in section 7. 

2 The Non-linearly Realized Electroweak Chiral 
Lagrangian 



3 A is the cut-off scale of the effective theory. It could be the lowest new heavy mass scale, or 
something around Airv ~ 3.1 TeV if no new resonances exist below A. 
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We consider the electroweak theories in which the gauge symmetry G = SU(2) L x 
U(l) y is spontaneously broken down to H = U(l) em [^5|, ^7|. There are three 
Goldstone bosons, <p a (a = 1,2,3), generated by this breakdown of G into H, which 
are eventually eaten by the W ± and Z gauge bosons and become their longitudinal 
degrees of freedom. 

In the non-linearly realized chiral Lagrangian formulation, the Goldstone bosons 
transform non-linearly under G but linearly under the subgroup H. A convenient 
way to implement this is to introduce the matrix field 

E = exp i , (1) 



where r a , a = 1,2,3, are the Pauli matrices normalized as Tr(r a r 6 ) = 25 a b- The 
matrix field E transforms under G as 

£-£'= <fcX:<7k, (2) 

with 



9l = exp ( *— g— ) , (3) 
yr 3 

9r = exp(i— ) , 

where a 1,2 ' 3 and y are the group parameters of G. Because of the U(l) em invariance, 
V\ — i>2 = v in Eq. ([!]), but they are not necessarily equal to v%. In the SM, v 
(= 246 GeV) is the vacuum expectation value of the Higgs boson field, and charac- 
terizes the scale of the symmetry-breaking. Also, v 3 = v arises from the approximate 
custodial symmetry present in the SM. It is this symmetry that is responsible for the 
tree-level relation 

p= M w =l (4) 

in the SM, where 9w is the electroweak mixing angle, Mw and Mz are the masses 
of W ± and Z boson, respectively. In this study we assume the underlying theory 
guarantees that vi = V2 = v% = v. 

In the context of this non-linear formulation of the electroweak theory, the massive 
charged and neutral weak bosons can be defined by means of the composite field: 

W; = — zTr(r a E t £>^E) (5) 

wheref] 

= (d, - WyK) S • ( 6 ) 



4 This is not the covariant derivative of S. The covariant derivative is 
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Here, W£ is the gauge boson associated with the SU(2) L group, and its transformation 
is the usual one (g is the gauge coupling). 

T » W « ^ T a W 'a = gL T a W a £ + (7) 

The -D^S term transforms under G as 

- = g L (D^) gi + g L W^ R . (8) 

Therefore, by using the commutation rules for the Pauli matrices and the fact that 
Tr(AB) = Tr(BA) we can prove that the composite field will transform under 
G in the following manner: 

K -> w t = e±lv K > ( 10 ) 

where 

Also, it is convenient to define the field 

= g'B, , (12) 

which is really the same gauge boson field associated with the U(l) y group, (g' is 
the gauge coupling.) The field £> M transforms under G as 

B M -> = B„ + 0„y . (13) 

We now introduce the composite fields and as 

Z„ = Vl2 + B M , (14) 

slA^slWl-clB^ (15) 
where s 2 = sin 2 9w, and c 2 = 1 — s^. In the unitary gauge (E = 1) 

w; = , (i6) 

= -f ^ , (17) 

^ M = -4a, , (is) 
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where we have used the relations e = gs w = g'c w , = CwZ^ + SwA^, and = 
—s w Z^ + c w A^. In general, the composite fields contain Goldstone boson fields: 

= -^Z M + -c^ 3 + .-., (19) 
c w v 

K = -aw± + + ■■■■ 

The transformations of Z^ and A^ under G are 

Z^Z'^Z,, (20) 

A,^A^ = A,- \d,y . (21) 

Hence, under G the fields and Z^ transform as vector fields, but A^ transforms 
as a gauge boson field which plays the role of the photon field A^. 

Using the fields defined as above, one may construct the SU(2) L x U(l) y gauge 
invariant interaction terms in the chiral Lagrangian 

r B = _ — w a w a ^ —B B^ v 

Ag 2 » u 4g>' 2 M 

2 2 

+ + (22) 

where 

= d^W a u - d u W; + t abc WlW c v , (23) 

Bp, = d^B u - d v B„ , (24) 



and where . . . denotes other possible four- or higher- dimension operators [2?| |29|j . 
It is easy to show thatf] 

W« u r a = -g^W; u r a E (25) 

and 

W^W a ^ = g 2 W* u W aflu . (26) 

This simply reflects the fact that the kinetic term is not related to the Goldstone 
bosons sector, i.e., it does not originate from the symmetry-breaking sector. 
The mass terms in Eq. (|22|) can be expanded as 

^w^w-' + jZ^ = + 

2 2 2 2 

+^-W+W- + ^-ZpZ" + .... (27) 

4J: OC,., 



Use W"r a = -2iSt£) jU E , and [r a ,T fc ] = 2ie abc r c 



At the tree- level, the mass of W ± boson is M\y = gv/2 and the mass of Z boson is 
M z = gv/2c w . 

Fermions can be included in this context by assuming that each flavor transforms 
under G = SU(2) L x U(l) y as 



f^f' = e iyQ ff, (28) 

where Qf is the electric charge of jf\. 

Out of the fermion fields fx, fa (two different flavors), and the Goldstone bosons 
matrix field E, the usual linearly realized fields \1/ can be constructed. For example, 
the left-handed fermions [SU(2) L doublet] are 

•-(i).- 1 *- ifl (29) 

with Qfc — Qf 2 = 1. One can easily show that transforms linearly under G as 

*L^ i &L = g*L, (30) 

where g = exp(i^-^-)exp(z?/y) G G, and Y — ~ is the hypercharge of the left handed 
quark doublet. 

In contrast, linearly realized right-handed fermions [SU(2) l singlet] simply 
coincide with Fr, i.e., 

— ft).-*-©.- 

With these fields we can now construct the most general gauge invariant chiral La- 
grangian that includes the electroweak couplings of the top quark up to dimension 
four HQ. 



(i + «?°) r Ll »b L w; - (i + «cct) 6L7 , tLW; 

-mjt . (32) 



6 For instance, Q/ = 2/3 for the top quark. 

' In this study we do not include possible flavor changing neutral current couplings, e.g. t-c-Z . 
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In the above equation , , , and k§ parameterize possible deviations from 
the SM predictions |J. In general, the charged current coefficients can be complex 
with the imaginary part introducing a CP odd interaction, and the neutral current 
coefficients are real so that the effective Lagrangian is hermitian. 

3 Constraints on dimension four anomalous cou- 
plings from the low energy data 



In the chiral Lagrangian 

£(4) 

given in Eq. (|3~2"D , there are two complex parameters 
{k1 c and Kf> c ) and two real (k^ and Kr C ) all independent from each other, which 
need to be constrained using precision data. Naturally, these parameters are not 
expected to be large, we assume that their absolute values are at most of order one. 
The imaginary parts of the charged current couplings, which give rise to CP violation 
at this level, do not contribute to the LEP observables of interest at the one-loop level. 
Hence, we will ignore imaginary parts of the k's. Also, at this level any contributions 
from the right-handed charged current coupling are proportional to the bottom 
quark's mass m;, (which is much smaller than mt), and are negligible compared to the 
contributions from the other three couplings. Therefore, we can only obtain bounds 
for , Kft C and k£ from LEP data at the one loop level. However, the coupling k°F 
can be studied independently by using the CLEO measurement of h — ► sj. For this 
process becomes the significant anomalous coupling. In Ref. [[Jl[] the contribution 
of this parameter to the branching ratio of b — > S7 was calculated. From the result 
given there, and the recent CLEO measurement I x ICT 4 < Br(b — > S7) < 4.2 x ICT 4 



[ 32 1 , we can obtain the following bounds for k^ c at the 95% confidence level (C.L.): 

- 0.037 < k c r c < 0.0015 . (33) 

With these observations we will study how k^ c , and «£ c can be constrained by 
LEP data. 

All contributions to low energy observables, under a few general assumptions, can 



be parameterized by 4-independent parameters: ei, £2, €3, and e& |33], |3<|, In 
our case, the general assumptions are satisfied, namely all the contributions of the 
non-standard couplings k's to low energy observables are contained in the oblique 
corrections, i.e., the vacuum polarization functions of the gauge bosons, and the non- 
oblique corrections to the vertex b-b-Z . Therefore, it is enough to calculate the new 
physics contribution to the e parameters in order to isolate all effects to low energy 
observables. 

The experimental values of the e parameters are derived from four basic observables, 
(the partial width of Z to a charged lepton pair), A e FB (the forward-backward 

asymmetry at the Z peak for the charged lepton £), Myy/Mz, and (the partial 

width of Z to a bb pair) . 
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To constrain these nonstandard couplings (/e's) one needs to have the theoretical 
predictions for the e's. The SM contribution to the e's have been calculated in, for 
example Ref. |J7|. Naturally, since we are considering the case of a spontaneous 
symmetry breaking scenario in which there is no Higgs boson, we have to subtract 
the Higgs boson contribution from these SM calculations. 

Since the top quark will only contribute to the vacuum polarization functions and 
the vertex b-b-Z , we only need to consider: 

ei = ei - e 5 , (34) 

e 2 = e 2 - c 2 w e 5 , (35) 

e 3 = e 3 - c 2 w e 5 , (36) 

£b = e b , (37) 
where ei, e^, e$, and e& are defined as: 

A zz {0) A ww {0) 

61 - ~Ml W~ ' (38) 

e 2 = F WW {M 2 W ) - F 33 (M 2 ) , (39) 

e 3 = ^F 30 (Ml), (40) 

S w 

dF zz 

e 5 = M 2 z — (M 2 z ). (41) 

The vacuum polarization functions of the gauge bosons are written in the following 
form 

K%{q 2 ) = -igp, (A^(q 2 ) + q 2 FV(q 2 )) + q,q v terms , (42) 

where i,j = W, Z, 7(photon). Alternatively, instead of using Z and 7 one can use 
i,j = 3, for W 3 and B, respectively. The relation between the two cases is as follows 

A 33 = c 2 w A zz + 2s w c w A^ z + s 2 w A^ , (43) 

A 30 = -c w s w A zz + (c 2 w - s 2 w )A^ z + c w s w A^ , (44) 
A 00 = s 2 w A zz - 2s w c w A^ z + c 2 w A^ , (45) 

and similarly for F l K 

The quantity e& is defined through the proper vertex correction 

V,{Z^bb) = -^e bl , 1 -^. (46) 
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3.1 Radiative Corrections in Effective Lagrangians 



Before presenting our results for the contributions of the non-standard couplings 
to the LEP data, we will discuss a key aspect of effective theories in general. 

Non-renormalizability of the effective Lagrangian presents a major issue of how 
to consistently handle both the divergent and the finite pieces in loop calculations 



38], Such a problem arises because one does not know the underlying theory; 
hence, no matching can be performed to extract the correct scheme to be used in 
the effective Lagrangian |40|| . One approach is to associate the divergent piece in 
loop calculations with a physical cutoff scale A, the upper scale at which the effective 
Lagrangian is valid [E0|. In the chiral Lagrangian approach this cutoff A is taken 



to be 4ttv ~ 3TeV ^0|Q. For the finite piece no completely satisfactory approach 



is available ||38|| . We assume that there exists an underlying renormalizable "full" 
theory that is valid at all scales (or at least at scales much higher than A). In this 
case, A serves as an infrared cutoff scale under which the heavy degrees of freedom 
can be integrated out to give rise to the effective operators in the chiral Lagrangian. 
Due to the renormalizability of the full theory, and from the renormalization group 
invariance, one concludes that the same cutoff A should also serve as the associated 
ultraviolet cutoff of the effective Lagrangian in the calculation of the Wilson coef- 
ficients. Hence, in the dimensional regularization scheme, the ultraviolet divergent 
piece 1/e is replaced by ln(A 2 //i 2 ), where e = (4 — n)/2 and n is the space-time 
dimension. Furthermore, the renormalization scale [i is set to be m t , the heaviest 
mass scale in the low energy effective Lagrangian. To study the effects to low energy 
observables due to a heavy top quark, in addition to the SM contributions, we shall 
only include those non-standard contributions (from the k's) of the order 

m > In 4 (47) 



lQir 2 v 2 m 2 

3.2 Contributions on the low energy observables 



To perform calculations using the chiral Lagrangian, one should arrange the con- 
tributions in powers of j^- and include all diagrams up to the desired power. In a 
general gauge (E ^ 1), the couplings of the Goldstone bosons to the fermions 
should also be included in Feynman diagram calculations. These couplings can be 
easily found by expanding the operators in D- A >. 

The relevant Feynman diagrams are shown in Figure |l[ Calculations can be done 
for a general gauge. As it turns out, the dependence on m t for e\ (which is the 

8 The scale Airv ~ 3 TeV is only meant to indicate the typical cutoff scale. It is equally probable 
to have, say, A = 1 TeV. 
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Figure 1: The relevant Feynman diagrams, for the nonstandard top quark couplings 
case and in the 't Hooft-Feynman gauge, which contribute to the order 0(mf In A 2 ). 

deviation from p — 1) and for e& is quadratic, whereas for e 2 and £3 is only logarithmic. 
Hence, in our effective model, the significant constraints on the parameters k^ c , Kr C , 
and k?I c are only coming from e± and e^. 

The leading contributions (of order m 2 lnA 2 ) are the following: 

• For the vacuum polarization function of the Z boson ( Figure |l](a) ), 




(48) 



• For the vacuum polarization function of the W boson ( Figure |l](b) ), 




(49) 



• The vertex corrections are depicted in Figures |T](c), |T|(d) and |l|(e), 




(50) 



(d) 




_2r 2 k cc + -k nc - 



4 C ) 7, (i - 75) \ 



(51) 



Ac,,, 4n 2 v 2 
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>!l m \ ( _ 2 



+ ~) (1 - 75) ~ (52) 



• Finally, the fe-quark self energy ( Figure |l|(f) ) contribution is 
Therefore, the net non-standard contributions to the e parameters are 

fci = ^-M(-4 C + 4 C + -T) ^ ^ , (54) 

t 



2V2n 2 ty L H L ' m 



Se b = -^m 2 t (-\k n r c + k n l c ) In — 2 , (55) 

It is interesting to note that k^ does not contribute to e& up to this order 
(77i|hiA 2 ) which can be understood from Eq. (|32"D . If = —1 then there is no 
net t-b-W coupling in the chiral Lagrangian after including both the standard and 
nonstandard contributions. Hence, no dependence on the top quark mass can be gen- 
erated, i.e., the nonstandard k£ c contribution to must cancel the SM contribution 
when k,1 c = —1, independently of the couplings of the neutral current. From this 
observation and because the SM contribution to e& is finite, we conclude that k£ c 
cannot contribute to e& at the order of interest. 

Given the above results we can then compare the experimental values of the e's 
with the theoretical predictions |4"2]]. For this comparison, we have included all e 
and 8e, where e SM is the SM prediction! after subtracting the contributions due to a 
light Higgs boson (with mass ~ Mz). The other term 8e, is the contribution from the 



dimension 4 anomalous couplings given in Eqs. and [55[ As we can see, precision 
data allows for all three non-standard couplings to be different from zero. There is 
a three dimensional boundary region for these k's, which we can visualize through 
the three projections; on the k1 c = 0, k^ c = and k^ = planes, presented in 
Figures |3] and § respectively. As we can see from the three projections, the 
only coefficient that is constrained is k^ which can only vary between —0.5 and 0.5 
roughly speaking. The other two can vary through the whole range (—1.0 to 1.0) 
although in a correlated manner; from Figure ^ we can say that LEP data imposes 

close to zero. This conclusion holds for m t ranging from 160 

GeV to 180 GeV. 

In Ref. p[ a similar analysis was done, but in there the anomalous charged current 
contribution was not included, and only the non-standard t-t-Z couplings were 
considered. The allowed region they found in Ref. simply corresponds, in our 



9 e includes also contributions from vertex and box diagrams. 
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Figure 2: A two-dimensional projection in the plane of k^ c and Kr C , for m t = 160 
GeV (solid contour) and 180 GeV (dashed contour). 



analysis, to the region defined by the intersection of the allowed volume ( Eq. (]54D 
) and the plane = 0, which gives a small area confined in the vicinity of the 
line Kl° = k^ c (since e\ oc (k^ — K^ c ^j ). If we add the restriction given by e& ( 
Eq. (|55|) ), we will realize that this sets the length of the allowed narrow area (c.f. 
Figure |). 

It is also interesting to consider a special case in which the underlying theory 
respects the global SU(2)l x SU(2)r custodial symmetry that is then broken in such 
a way as to account for a negligible deviation of the b-b-Z vertex from its standard 
form. This scenario will relate the non-standard terms in our effective Lagrangian 
£W ( Eq. (^) ). 



3.3 Underlying custodial symmetry case 



The SM has an additional (accidental) symmetry called the custodial symmetry 
which is responsible for the tree-level relation [|. |43[ 



P 



Mlcl 



(56) 



This symmetry is slightly broken at the quantum level by the SU(2) doublet 

Writing p = 1 + 5p, 5p 



fermion mass splitting and the hypercharge coupling g' |44 
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-1.0 -0.5 0.0 0.5 1.0 

Figure 3: A two-dimensional projection in the plane of and /t£ c , for m t = 160 
GeV (solid contour) and 180 GeV (dashed contour). 
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Figure 4: A two-dimensional projection in the plane of k^ c and k£ c , for m t = 160 
GeV (solid contour) and 180 GeV (dashed contour). 
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would vanish to all orders if this symmetry were exact. Low energy data indicate 
that Sp is very close to zero, within about 0.1% accuracy [ p)|j . 

In the chiral Lagrangian this assumption of a custodial symmetry sets v 3 = v 2 = v\ 
( see Eq. ([[]) ), and forces the couplings of the top quark to the gauge bosons to 
be equal after turning off the hypercharge. 

Let us consider the case of an underlying global SU(2) L x SU{2) R symmetry 
that is broken in such a way as to account for a negligible deviation of the b-b-Z 
vertex from its standard form. Since the top quark acquires a mass much heavier 
than the other quarks' masses, we expect the new physics effects associated with the 
electroweak symmetry breaking (EWSB) sector to be substantially greater for the 
couplings (to the gauge bosons) of this quark than for the couplings of all the others, 
including the bottom quark. Therefore, it is natural to think of the initial presence of 
an underlying theory that respects the custodial symmetry, and then to think of the 
EWSB mechanism introducing an effective interaction that will explicitly break this 
symmetry in such a way as to favor the deviation of the couplings of the top quark 
more than the deviation of the other light quarks' couplings. 

In the context of the chiral Lagrangian, let us think of the effective Lagrangian 
( Eq. (|32|) ) originating from two parts: one that reflects the underlying theory 



that respects the custodial symmetry ( denoted by £( custodml ) ) ; an d another part 
that explicitly breaks this symmetry but that keeps the coupling b-b-Z essentially 
unmodified ( denoted by £( EWSB ) ). 

Let us find the most general form for £( custodml ) . Notice that if we set s w = 
(turn off the hypercharge), then the standard SU(2)l invariant term 

^(^-\(, r S ™&\W (57) 



2 V y/2 W" - Wl 



with the left handed doublets 



MS, (58) 

defined in Eq. (|29|), respects the global SU(2)l x SU(2)r symmetry^ and is the only 
structure that does so (the derivative term is trivial) . Therefore the only way in which 
^(custodial) can contain non-standard couplings is through a term proportional to the 
same W a r a structure: 

c (custodial) = jry, f - -W^T a )Fl + K 1 F£'fW^T M F L . (59) 



2 

where Ki is a real number (so that £,( custodial ) is hermitian). 

10 To verify this, we just need to use the transformation rules S — > S = LY^W and Fl — > F L = 
RFl with R and L members of global SU(2)l and SU(2)r respectively, as well as the identity 



a r 
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Now, for £i EWSB ) we notice that (in the context of the non-linearly realized 
SU(2)l x U(1)y chiral Lagrangian) one can break the custodial symmetry by in- 
troducing interaction terms that involve the r 3 matrix such as 

c (ewsb) = K2 F£YW;T a r 3 F L + 4FEYr 3 W;r a F L , (60) 

where k 2 is in general a complex number^]. 

When we add £( EWSB ) to the non-standard part of £( custodml ) we w iH obtain the 
term: 

p- u ( («1 + «2 + 4)K («1 ~ *2 + Kt)V2W+ \ 

Ll \ («i + k 2 - 4)^2>v; (-«i + K2 + 4)w 3 y 1 J 

Therefore, by requiring k 2 to be a real number, and by setting K\ = 2k 2 , the above 
result indeed describes the scenario in which an underlying custodial symmetric theory 
is being broken without modifying the coupling b-b-Z from its standard value. By 
turning the hypercharge back on we will then see that the La grangian will look 
like: 

£ (4 ° = FIY ( id, - Vr" ) F L + FEY k x ( ^ ) Fl . (62) 



The superscipt (4') in £^ 4 ') is just to differentiate it from the original most general 
Lagrangian of Eq. (|H2]). In conclusion, if we want to consider a special case 
in which an underlying custodial symmetric theory is being broken by interactions 
that in the end do not modify the b-b-Z vertex from its standard form, we have 
to reproduce the matrix structure presented in Eq. (p2]). This is equivalent to just 
requiring the relation^ 

k^ c = 2n c L c = 4«i = k l (63) 

to be satisfied in the original Lagrangian Since for the right-handed couplings 
only the neutral participates in the radiative corrections, we can simplify our 
notation and set k,r C = Kr. 

From the correlations between the effective couplings (ac's) of the top quark to 
the gauge bosons, one can infer if the symmetry-breaking sector is due to a model 
with an approximate custodial symmetry or not, i.e., we may be able to probe the 
symmetry-breaking mechanism in the top quark system. To illustrate this point, we 
can compare our results with those in Ref. [Q]. Figure |5] shows the most general 
allowed region for the couplings k^ and Kr C , i.e., without imposing any "custodial 
symmetry" relation between an d This region is for a top quark mass of 

170 GeV and covers the parameter space —1.0 < , k^ c < 1.0. One finds 

-0.15 < ^ c <0.35, 
-1.0 < /4 C <1.0. 



11 Another term could be Fl^t^W^^t^Fl, which contains two symmetry breaking factors r 3 . 
We will not consider this term in our work. 

12 A relation like this appears in the SM after integrating out an ultra-heavy Higgs boson pi. 
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Figure 5: A comparison between our model and the model in Ref. ||. The allowed 
regions in both models are shown on the plane of an d Kr , for m t = 170 GeV. 
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We also show on Figure |5] the allowed regions for our special case [n L 

and the model in Ref. || (kl C = o). The two regions overlap in the vicinity of 
the origin (0, 0) which corresponds to the SM case. Note that for m t < 200 GeV 
the allowed region of k's in all models of symmetry-breaking should overlap near 
the origin because the SM is consistent with low energy data at the 95% CL. For 
Kl° — 0-l> these two regions diverge and become separable. One notices that the 
allowed range predicted in Ref. || lies along the line k 1 ^ = k^ c whereas in our case 
the slope is given by the line kJ[ c = 2kr C ■ 

If we imagine that any prescribed dependence between the couplings corresponds 
to a symmetry-breaking scenario, then, given the present status of low energy data, 
it is possible to distinguish between different scenarios if k^ c , k^ c and n'f are 
larger than 10%. Better future measurements of e's can further discriminate between 
different symmetry-breaking scenarios with smaller difference in the k's. Next, we will 
discuss how the SLC precision data can contribute to the study of the nonstandard 
couplings. 

3.4 At the SLC 



The measurement of the left-right cross section asymmetry A^r in Z production 
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with a longitudinally polarized electron beam at the SLC provides a further test of the 
SM and is sensitive to new physics. The reported measurement of Alr |5| shows a 
deviation of about 2.8a from the SM0 prediction. The effect of the SLC measurement 
of Alr on possible new physics effects on the top quark couplings depends on the way 
one incorporates Am with LEP data. If we include and average Alr with all LEP 
data, the anomaly in Alr is almost washed away due to the large number of LEP 
measurements consistent with the SM. One finds that including the SLC measurement 
Alr with all LEP data yields a slight decrease in the central value of €\ |4l| while 



keeping the fit on e& the same. As discussed in the previous section, the nonstandard 
coupling K N L C is mostly constrained by e&. Therefore, no significant change in the 
allowed range of k^ c is expected. The effect of averaging the SLC and LEP data can 
be easily seen in the special model discussed previously = k^ c /2). In this case, 
the length of the allowed area is not affected since it is controlled by e&. Since the 
uncertainty in e ^' remains almost the same after including the Alr measurement, 
the width of the allowed area is also hardly modified. The only effect will be to shift 
the allowed area slightly downward (towards 2kr < Kl)- This conclusion is simply 
due to the preference for a more negative new physics contribution to accommodate 
the smaller value of e^ xp '. 

We have seen that the precision LEP/SLC data can constrain the couplings k^ c , 
Kft and ^1° , without forcing them to be zero. For kj^ (the right-handed charged 
current) there is no constraint, because its contribution to the relevant radiative 
corrections at LEP/SLC is proportional to the bottom quark's mass. However, the 
nonstandard coupling can be studied using the b —>• 37 measurement |JT| (c.f. 
Eq-0). 

The important lesson from the above analysis is that the precision low energy data 
do not exclude the possibility of having anomalous top quark interactions with the 
gauge bosons. Also, different models for the electroweak symmetry breaking sector 
can induce different relations among the k's. These relations can in turn be used to 
discriminate between models by comparing their predictions with experimental data. 
In the next section, we examine how to improve our knowledge of these non-standard 
couplings by direct measurements at current and future colliders. 



4 Direct measurement of dimension four anoma- 
lous couplings at colliders 

In this section, we shall discuss how to measure the dimension four anomalous 
couplings k^ c , Kr C , k^ c , and at hadron colliders and future electron collider. 

Run I at the Fermilab Tevatron (a pp collider with y/S = 1.8 TeV) is now com- 
plete, and each experiment (CDF and D0 groups) has accumulated an integrated 

13 With a top quark mass rat = 175 GeV and a Higgs mass tuh = 300 GeV. 
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luminosity of about 110 pb~ l . Run II (the upgraded Tevatron with the Main Injector) 
will begin in 1999, with a machine energy of 2 TeV and an integrated luminosity of 
about 2fb _1 per year. The CERN Large Hadron Collider (LHC) is a pp collider with 
y/S = 14 TeV and an integrated luminosity of about 10 ~ 100 ftT 1 per year. A future 
electron Linear Collider (LC) is also proposed to run at the top quark pair threshold 
(via e~e + — > ti process) to study the detailed properties of the top quark. 

4.1 At the Tevatron and the LHC 



At the Tevatron and the LHC, heavy top quarks are predominantly produced in 
pairs from the QCD process gg, qq — > ti. In addition, there are single-top quark 
events in which only a single t or t is produced. A single-top quark signal can be 
produced from either the H^-gluon fusion process qg{Wg) — > tb (or q'b — > qt [[IT], |4"8|] , 



the Drell-Yan-type W* process qq — > tb [49, 50, 51] and Wt production via gb — > W t 



52| . The corresponding Feynman diagrams for these single-top processes are shown 
in Figure ^. The approximate cross sections (in pb) for single-top quark production 
(including both single-t and single-t events) at the upgraded Tevatron (and the LHC) 
from the above four production processes are 6.5(700), 2.0(200), 0.88(10) and 0.2(70), 
respectively. 



The relative magnitudes between the dimension four anomalous couplings k 



cc 
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and can be measured from the decay of the top quark (produced from either of 
the above processes) to a bottom quark and a W boson. These nonstandard couplings 
can be furthered measured from counting the production rates of signal events with 



a single t or t. More details can be found in Refs. [[51]], |53| and | p4 
4.1.1 From the decay of top quarks 



In ti events, the final state with most kinematic information is W + 4j, where 
the W is detected via its leptonic decay. These events are fully reconstructable. 
To reduce backgrounds, it is best to demand at least one b tag. The number of such 



events is about 500 per fb ||54|| . Thus there will be on the order of 1000 tagged, fully 



reconstructed top-quark events in Run II, to be compared with the approximately 25 
W+Aj single-tagged top events in Run I. To probe k^ and k^ from the decay of the 
top quark to a bottom quark and a W boson, one needs to measure the polarization 
of the W boson which can be determined by the angular distribution of the lepton 
(say, e + in the rest frame of W + ) in the decay mode t — > bW + (— > e + v). However, 
reconstructing the rest frame of the H^-boson (in order to measure its polarization) 
could be a non-trivial matter due to the missing longitudinal momentum (P z ) (with 
a two-fold ambiguity) of the neutrino (u) from W decay. Fortunately, as shown in 
Eq. ([64]), one can determine the polarization of the ly-boson without reconstructing 
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its rest frame by using the Lorentz- invariant observable m^, the invariant mass of b 
and e from t decay. 

The polar angle 9* e+ distribution of the e + in the rest frame of the W + boson 
whose z-axis is defined to be the moving direction of the W + boson in the rest frame 
of the top quark can be written in terms of through the following derivation: 

E e E b -p e -p b 
cos v e + = — — i 



Pe||P6 

E e E b mj-M^ 104 ] 



The energies E e and E b are evaluated in the rest frame of the W + boson from the 
top quark decay and are given by 



Mi + m 2 -m 



2 



2M, 



W 



v e " u ei 



m? — Mw — m 



where we have not ignored the negligible masses m e and m u , of e + and u e , for the 
sake of bookkeeping. 

In Eq. (|64D , the first line comes from exact definition, whereas the second line 
comes from applying Eq. (|65|) in the limit m b = 0. However, in practice two problems 
arise due to experimental limitations. First, the measured momenta of the bottom 
quark and the charged lepton will be smeared by detector effects, and second; it is 
difficult to do the identification of the right b to reconstruct t. There are three possible 
strategies to improve the efficiency of identifying the correct b. One is to demand a 
large invariant mass of the ti system so that t is boosted and its decay products are 
collimated. Namely, the right b will be moving closer to the lepton from t decay. This 
can be easily enforced by demanding leptons with a larger transverse momentum. 
Another strategy is to identify the soft (non-isolated) lepton from the b decay (with 
a branching ratio Br (b — > fi + X) ~ 10%). The third one is to statistically determine 
the electric charge of the 6-jet (or 6-jet) to be 1/3 (or —1/3) 0. How precisely can 
the invariant mass m be be measured is a question yet to be answered. 

For a massless b (which is a good approximation for m t ), the W boson 

from top quark decay can only be either longitudinally or left-handed polarized for 
a purely left-handed charged current (k^ c = 0). For a purely right-handed charged 
current (k£ c = — 1) the W boson can only be either longitudinally or right-handed 
polarized. (Note that the handedness of the W boson is reversed for a massless b 
from t decays.) This is the consequence of helicity conservation, as diagrammatically 
shown in Figures [5] and || for a polarized top quark. In these figures we show the 

14 This is the kind of analysis performed at LEP to separate a quark jet from a gluon jet. 
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(a) left-handed top 



(b) right-handed top 
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Figure 7: For a left-handed t-b-W vertex. 



(a) left-handed top 
IK 



(b) right-handed top 



-AAAAAAAAAAA/ • - 



(right— hand) 

t 



- • wvwwww 



w, 



(right— han 



b 



- • wvwvwvw 



Long 



-<wwwvww • - 

Long 



t boost direction 



i boost direction 



Figure 8: For a right-handed t-b-W vertex. 
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Figure 9: mu distribution for SM top quark (solid) and for a purely right- 
handed t-b-W coupling (dash). 

preferred moving direction of the lepton coming from a polarized VT-boson decay 
in the rest frame of a polarized top quark, for both cases of a left-handed and a 
right-handed t-b-W vertex. As indicated in these figures, the invariant mass mu 
depends on the polarization of the W^-boson from the decay of a polarized top quark. 

Also, mu is preferentially larger for a purely right-handed t-b-W vertex than for 
a purely left-handed one. This is clearly shown in Figure ||, in which the peak of 
the mu distribution is shifted to the right and the distribution falls off sharply at 
the upper mass limit for a purely right-handed t-b-W vertex. Their difference is 
shown, in terms of cos#|, in Figure |10[ However, in both cases the fraction (/Long) 
of longitudinal Ws from top quark decay is enhanced by m t 2 /2Mw 2 as compared to 
the fraction of transversely polarized W's ||55|| , namely, 



o M' 2 

hon g = ~^r- ■ (66) 
1 + JH±_ 



2< 



Therefore, for a heavier top quark, it is more difficult to untangle the k£ c and 
contributions. 

15 On the other hand, because of the very same reason, the mass of a heavy top quark can be 
accurately measured from /Long irrespective of the nature of the t-b-W couplings (either left-handed 
or right-handed). 
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Figure 10: cos^l distribution for SM top quark (solid) and for a purely right- 
handed t-b-W coupling (dash). 

As noted above, studying the decay of the top quark can tell us something about 
the relative size of the couplings I + k^ and k% c ■ To determine the values of an d 
k§ c , one has to provide additional information such as the decay width of t — * bW + 
(which is about the total width of the top quark in the SM).0 If we assume the 
decay width of t — > bW + is the same as the SM prediction (i.e., about 1.5 GeV for a 
175 GeV top quark), then the value of (k£ c ) 2 + {n% c ) 2 is fixed. Thus, combining with 
the information obtained from the previous analysis one can decisively determine k£ 
and ■ The important question to ask then is how to measure the decay width of 
t -> bW + , denoted as T{t -> bW+). 

4.1.2 Measuring the decay width of t — > bW + 



As shown in Ref. ||56|| , the intrinsic width of the top quark cannot be measured 
at hadron colliders from reconstructing the invariant mass of the jets from the decay 
of the top quark produced from the usual QCD processes (qq, gg — > tt) because of 
the poor resolution of the jet energy as measured by the detector. For a 175 GeV SM 
top quark, its intrinsic width is about 1.5 GeV, however the measured width from 



16 The information (c.f. Eq. |3^) on derived from the rare-decay process b — + sj could also be 
useful. 
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the invariant mass distribution of the top quark is unlikely to be much better than 
10 GeV Is there a way to measure the top quark width F(t — > bW + ) to within 
a factor of 2 or better, at hadron colliders? The answer is yes. It can be measured 
from single-top events. 

The width T(t — > bW + ) can be measured by counting the production rate of 
top quark from the W-b fusion process which is equivalent to the H^-gluon fusion 
process by properly treating the bottom quark and the W boson as partons inside 
the hadron. In the following we shall discuss how to correctly treat the 6-quark as a 
parton inside the proton to properly resum all the large logs to all orders in a s . First, 
let us illustrate how to treat the W-boson as a parton inside the proton. Consider 
the q'b — > qt process. It can be viewed as the production of an on-shell IV-boson 
(i.e., effective- W approximation) which then rescatters with the 6-quark to produce 
the top quark. This factorization is similar to that in the deep-inelastic scattering 
processes. The analytic expression for the flux (f\(x)) of the incoming W^-boson 
(A = 0, +, — for longitudinal, right-handed, or left-handed polarization) to rescatter 
with the fe-quark can be found in Ref. [ 57[| . The constituent cross section of ub — > dt 
is given by 



a(ub — > dt) 




167r 2 mf 



sim 



M 2 W ) j 



T(t -> bWt) 



where M\y is the mass of W + -boson and is the invariant mass of the hard part 
process. Note that in order to derive the above result one has to assume that the 
dynamics of the hard part scattering, i.e., bW + (k^) — > t, does not change dramatically 
from an off-shell (k 2 < 0) to an on-shell (k 2 = M^r) H^-boson. Hence, the above 
equality is only valid under the effective-VF approximation even though the kinematic 
factors are correctly included. Since the scattering rate of Wb — > t is proportional 
to the decay rate of t — > Wb, the production rate of single-top event from the W- 
gluon fusion process measures the partial decay width of the top quark T(t — ► bW + ). 
Furthermore, the branching ratio of t — > Wb can be measuredF] from the ratio of the 
numbers of double-6-tagged versus single-6-tagged tt events and the ratio of (2£+ jets) 
and (1£ + jets) rates in tt events for t — > bW + (— > l + v) ||54j| . Combining this model- 
independent measurement of the branching ratio Br(t — > bW) with the measurement 
of the partial decay width T(t — > bW + ) from the single-top production rate, one can 
determine the total decay width Y t = T(t — > bW)/Bi(t — > bW) of the top quark, or 
equivalently, the lifetime (l/r t ) of the top quark. At the Run-II of the Tevatron we 
expect that the lifetime of the top quark will be known to about 20% ~ 30%. Here, 
we have taken the values that the branching ratio Br(t — > bW + ) can be measured to 
about 10% and the cross section for VT-gluon fusion process is known to about 
15% ~ 20% (discussed in the next section). 
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CDF group has reported a measurement of this branching ratio in [F^sl . 
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Before closing this section, we comment on the importance of measuring the single- 
top production rate from the PU-gluon fusion process. In the SM, the only nonvanish- 
ing coupling at the tree level is k£ c = 1. These k's would have different values if new 
physics exists. Nevertheless, the conclusion that the production rate of the PU-gluon 
fusion event is proportional to the decay width of t — > Wb holds irrespective of the spe- 
cific forms of the anomalous couplings (even including higher order operators). Hence, 
measuring the single-top event rate from the W^-gluon fusion process is an inclusive 
method for detecting effects of new physics which might produce large modifications 
to the interactions of the top quark. Strictly speaking, from the production rate of 
single-top events, one measures the sum (weighted by parton densities) of all the pos- 
sible partial decay widths, such as T(t -> bW + ) + T(t -> sW + ) + Y{t -> dW + ) + • • •, 
therefore, this measurement is actually measuring the width of Y(t — > XW + ) where 
X can be more than one particle state as long as it originates from the partons inside 
the proton (or anti-proton). If new physics strongly enhances the flavor-changing- 
neutral-current t-c-Z, then the single-top production rate would also be enhanced 
from the Z-c fusion process qc — ► qt. 

4.1.3 The total production rate of PF-gluon process 



The calculation on the production rate of PU-gluon fusion process involves a very 
important but not yet well-developed technique for handling the kinematics of a heavy 
b parton inside a hadron. Thus, the kinematics of the top quark produced from this 
process can not be accurately calculated. However, the total event rate of the single- 
top quark production via this process can be estimated using the method proposed 
in Ref. ]51| . The total rate for ly-gluon fusion process involves the 0(a 2 ) (2 — ► 2) 
process q'b — > qt plus the (D(a 2 a s ) (2 — ► 3) process q'g(W + g) — > qtb (where the 
gluon splits to bb) minus the splitting piece g — > bb ® q'b — > qt in which bb are nearly 



collinear. These processes are shown diagrammatically in Figure [11 . 

The splitting piece is subtracted to avoid double counting the regime in which the 
b propagator in the (2 — > 3) process closes to on-shell. This procedure is to resum 
the large logarithm a s \n(m 2 /m 2 ) in the ly-gluon fusion process to all orders in a s 
and include part of the higher order 0(a 2 a s ) corrections to its production rate, (mj 
is the mass of the bottom quark.) We note that to obtain the complete 0(a 2 a s ) 
corrections beyond just the leading log contributions one should also include virtual 
corrections to the (2 — > 2) process, but we shall ignore these non-leading contributions 
in this work[^. Using the prescription described above we find that when using the 
MS parton distribution function (PDF) CTEQ2L the total rate of the W-gluon 
fusion process is about 25% smaller than the (2 — > 2) event rate either at the Tevatron 
or at the LHC. 



In Ref. pfl it is shown that indeed these non-leading logs are not important. 
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Figure 11: Feynman diagrams illustrating the subtraction procedure for calculating 
the total rate for W^-gluon fusion: q'b —> qt @ q'g{W + g) — > qtb (g — > bb ® </& — > gt). 
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Figure 12: Rate of W^-gluon fusion process versus scale Q for m t = 180 GeV and 
y/s = 2 TeV. 
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To estimate the uncertainty in the production rate due to the choice of the scale Q 
in evaluating the strong coupling constant a s and the parton distributions, we show 



in Figure [12] the scale dependence of the VT-gluon fusion rate for a SM top quark. 
As shown in the figure, although the individual rate from either (2 — > 2), (2 — > 3), 
or the splitting piece is relatively sensitive to the choice of the scale, the total rate 
as defined by (2 — > 2) + (2 — > 3) — (splitting piece) only varies by about 30% for 
Mw/2 < Q < 2m t at the Tevatron. (At the LHC, it varies by about 10%). This 
uncertainty reduces to about 10% (at the Tevatron) for m t /2 < Q < 2m t J3 Based 
upon the results shown in Figure 0, we argue that Q < M w /2 is probably not a good 
choice as the relevant scale for the production of the top quark from the VT-gluon 
fusion process because the total rate rapidly increases by about a factor of 2 in the 
low Q regime. In view of the prescription adopted in calculating the total rate, the 
only relevant scales are the top quark mass m t and the virtuality of the VT-line in 
the scattering amplitudes. Since the typical transverse momentum of the quark (g) 
which comes from the initial quark (</) after emitting the W-Mine is about half of the 
VF-boson mass, the typical virtuality of the H^-line is about M w /2 ~ 40 GeV. The 
scale m b ~ 5 GeV is thus not an appropriate one to be used in calculating the W- 
gluon fusion rate when using our prescription. We note that in the (2 — > 2) process 
the b quark distribution effectively contains sums to order [a s ln(Q/rrib)} n from n- 
fold collinear gluon emission, whereas the subtraction term (namely, the splitting 
piece) contains only first order in a s \ia(Q/m b ). Therefore, as Q — > m b the (2 — > 2) 
contribution is almost cancelled by the splitting terms. Consequently, as shown in 
Figure [E| the total rate is about the same as the (2 — > 3) rate for Q — > m b . It is 
easy to see also that based upon the factorization of the QCD theory [K^] the total 
rates calculated via this prescription will not be sensitive to the choice of MS PDF 
although each individual piece can have different results from different PDF's. 

In conclusion, assuming = 0, then can be constrained to within —0.08 < 
k£ c < 0.03 assuming a 20% uncertainty on the production rate of single-top quark 
from the P^-gluon fusion process at the Tevatron @]. This means that if we interpret 
) as the CKM matrix element \V t b\, then \V t b\ can be bounded as \V t b\ > 0.9.0 



K 
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4.1.4 Other single-top production rates 



Another single-top quark production mechanism is the Drell-Yan type process 
q'q — > W* — > tb whose production rate can also provide information on and 

19 This conclusion is in good agreement with a complete next-to-leading-order calculation (different 
from the above resummation procedure) performed in Ref. J6^ | in which the theoretical error on the 
total cross section at the Tevatron was estimated to be about 10% for Q ranging from m t /2 to 2mj. 

20 This method is different from the one used in the recent CDF measurement of \ Vtb\ by measuring 
Br(t — > bW + ) and assuming 3 generations of quarks plus unitarity J63| . Our method does not require 
such assumption. 
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k% c ■ Notice that the polarization of the top quark produced from this process is 
different from the one in V^-gluon fusion events |50| . For instance, for a 175 GeV 
SM top quark produced at the Tevatron, jy-gluon fusion produces almost 100% left 
handed top quarks, but the W* process produces ~ 50% polarized top quarks (i.e., \ 
of top quarks are right handed and the rest are left handed). Hence, these production 
rates depend on k£ c and k r differently. Furthermore, since the kinematics of the 
top quark produced from these two processes are different [50|, these two kinds of 
events can be separated at the Tevatron. In Ref. |51], a careful study was carried 
out of how to measure |Vt&| from the production rate of W* events. It was concluded 
that \Vtb\ can be measured to about 10% at the Tevatron if n^f = 0. It was shown 



in Ref. |)4j that the production rate of W* events up to the next-to-leading order 
QCD corrections is well under control (better than 10%). Hence, this process should 
provide a good measurement of /c£ and k r .0 

We note that because the production cross sections of the single-top events from 
the H^-gluon fusion and the W* processes depend differently on k£ c and Kr , they 
all have to be measured and combined with the measurement of the decay kinematics 
of the top quark to definitely constrain the anomalous couplings Kf[ c and ■ At 
the LHC, the single-top production rate from bg — > Wt process is about 7 times the 
W* rate and should also be measured to probe the interaction of the top quark with 
the H^-boson. 



4.2 At the LC 



The best place to probe the couplings k,^ c and k r c associated with the t-t-Z coupling 
is at the LC through e _ e + — > j,Z — > ti process because at hadron colliders the ti 
production rate is dominated by QCD interactions (qq,gg — > ti). A detailed Monte 
Carlo study on the measurement of these couplings at the LC including detector ef- 
fects and initial state radiation can be found in Ref. [p5| . The bounds were obtained 
by studying the angular distribution and the polarization of the top quark produced 
in e~e + collisions. Assuming a 50 fb _1 luminosity at y/s = 500 GeV, we concluded 
that within a 90% confidence level, it should be possible to measure to within 
about 8%, while k r c can be known to within about 18%. A 1 TeV machine can do 
better than a 500 GeV machine in determining k^ c and k r because the relative 
sizes of the tn(i) R and ti(t) L production rates become small and the polarization of 
the it pair is purer. Namely, it is more likely to produce either a ti,(J,) R or a tu(i) L 
pair. A purer polarization of the ti pair makes k^ c and k r c better determined. (The 
degree of top quark polarization can be further improved by polarizing the electron 
beam |66|.) Furthermore, the top quark is boosted more in a 1 TeV machine, thereby 

21 We note that the production rate of the W* process is not directly proportional to the decay 
width of t — * bW + , but the production rate of the W-gluon process is. 
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allowing a better determination of its polar angle in the ti system (because it is easy 
to find the right b associated with the lepton to reconstruct the top quark moving 
direction). 

Finally, we remark that at the LC k£ and can be studied either from the 
decay of the top quark pair or from the single-top quark production process, W- 
photon fusion process e~e + (Wj) — > tX, or e~7(W / 7) — > iX, which is similar to the 
W^-gluon fusion process in hadron collisions. 

5 Dimension five anomalous couplings 



So far we have discussed how to probe new physics effects that are expected to 
give some information about the symmetry breaking mechanism, as they can give 
rise to anomalous terms in the dimension 4 standard gauge couplings of the top 
quark with the electroweak bosons. Of course, this is not the only way in which 
these effects can become apparent in future experiments. A complete analysis should 
include possible anomalous effective interactions of higher dimension. In this section 
we will construct the complete set of independent operators of the first higher order 
operators with dimension 5, such that the complete effective Lagrangian relevant to 
this study will be: 

C eff = C B + £ (4) + £ (5) , (67) 

where denotes the dimension 5 operators. 

Our next task is to find all the possible dimension five hermitian interactions 
that involve the top quark and the fields W*, Z^ and A^. Notice that the gauge 
transformations associated with these and the composite fermion fields ( Eq. ( p8|) ) 
are dictated simply by the U(l) em group. We will follow a procedure similar to the 
one in Ref. p7| , which consists of constructing all possible interactions that satisfy 



the required gauge invariance (U(l) em in this work), and that are not equivalent to 
each other. The criterion for equivalence is based on the equations of motion and 
on partial integration. As for the five dimensions in these operators, three will come 
from the fermion fields, and the other two will involve the gauge bosons. To make a 
clear and systematic characterization, let us recognize the only three possibilities for 
these two dimensions: 

(1) Operators with two boson fields. 

(2) Operators with one boson field and one derivative. 

(3) Operators with two derivatives. 

(1) Two boson fields. First of all, notice that the A^ field gauge transformation 



( Eq. (21) ) will restrict the use of this field to covariant derivatives only. Therefore, 
except for the field strength term A^ v only the Z and W fields can appear multiplying 
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the fermions in any type of operators. Also, the only possible Lorentz structures are 
given in terms of the a^ u and tensors. We do not need to consider the tensor 
product of 7 M 's since 

ft ft = - ia^a^K . (68) 

Finally, we are left with only three possible combinations: (1.1) two Z^s, (1.2) two 
Vy^'s, and (1.3) one of each. 

(1.1) Since is antisymmetric, only the g> M „ part is non-zero0: 

O gZZ = ht R Z^ + h.c. (69) 

(1.2) Here, the antisymmetric part is non-zero too: 

O gWW = i L t R W+W-» + h.c. (70) 
O uWW = h^ u t R W+W:+h.c. (71) 

(1.3) In this case we have two different quark fields, therefore we can distinguish 
two different combinations of chiralities: 

O gWZ L(R) = i L{R) b R{L) W;z» + h.c. (72) 
O a wzL( R ) = i L (R)^ u b R{L) W+Z u + h.c. (73) 



(2) One boson field and one derivative. The obvious distinction arises: (2.1) 
the derivative acting on a fermion field, and (2.2) the derivative acting on the boson. 

(2.1) The covariant derivative for the fermions is given by (see Eqs. (|2l|) 
and fl2|D) 

D,f = (d, + iQ f s 2 w A,)f, 

Dj=f(d,^Q f s 2 w A,). (74) 

Notice that the covariant derivative depends on the fermion charge Qf, hence the 
covariant derivative for the top quark is not the same as for the bottom quark; partial 
integration could not relate two operators involving derivatives on different quarks. 
Furthermore, by looking at the equations of motion we can immediately see that 
operators of the form, for example, fZIfif or f( u P)y\? + ]ftf( down \ are equivalent to 
operators with two bosons, which have all been considered already. Following the 
latter statement and bearing in mind the identity of Eq. (|68|) we can see that only 

22 In the next section we will write explicitly the hermitian conjugate (h.c.) parts. 

23 To simplify notation we will use the same symbol for all covariant derivatives. Identifying 
which derivative we are referring to should be straightforward, e.g. in Eq. ( |74| ) is different from 
£> M inEq. (|). 



32 



one Lorentz structure needs to be considered here, either one with a^ u or one with 
g^y. Let us choose the latter. 

WDbL(R) = W +tl i L {R)D^b R{L) + h.c. (75) 
OwDtR(L) = W^ (Ji )D )t t ii (i)|/i.c. (76) 
Ozof = ZH L D„t R + h.c. (77) 

Of course, the A field did not appear. Remember that its gauge transformation pre- 
vents us from using it on anything that is not a covariant derivative or a field strength 
Ai, 



(2.2) Since W transforms as a field with electric charge one, the covariant deriva- 



tive is simply given by (see Eq. (|iOD ): 

DlW; = (0 M - islA^W; (78) 

Obviously, since the neutral Z field is invariant under the G group transformations 
( see Eq. fl20D ), we could always add it to our covariant derivative: 

where a stands for any complex constant. Actually, considering this second derivative 
would insure the generality of our analysis, since for example by setting a = (? m and 
comparing with Eqs. flU} ) and (pl|) we would automatically include the field strength 
term 

W% = d»W» ~ d»Wi ± ^K^l ~ = Df>Yft - D^W±. (79) 

However, this extra term in the covariant derivative would only be redundant. We 
can always decompose any given operator written in terms of into the sum of the 
same operator in terms of the original plus another operator of the form O g y^zL{R) 
or O a wzL(R) ( c.f. Eqs. (|72|) and (|73|) ). Therefore, we only need to consider the 
covariant derivative (|ft|) for the charged boson and still maintain the generality of 
our characterization. For the neutral Z boson we have the simplest situation, the 
covariant derivative is just the ordinary one, 

D„Z V = d^Z u . (80) 

The case for the A boson is nevertheless different. Being the field that makes 
possible the U(l) covariance in the first place, it can not be given any covariant 
derivative itself. For A, we have the field strength: 

A = d A - d A 
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From Eqs. @ and ©, we write W± = ^(W*„ T 
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Finally, we can now write the operators with the covariant derivative-on-boson 
terms. Unfortunately, no equations of motion can help us reduce the number of 
independent operators in this case, and we have to bring up both the and the g^ v 
Lorentz structures. 



(3) Operators with two derivatives. 

As it turns out, all operators of this kind are equivalent to the ones already given 
in the previous cases. Here, we shall present the argument of why this is so. First of 
all, we only have two possibilities, (3.1) one derivative acting on each fermion field, 
and (3.2) both derivatives acting on the same fermion field. 

(3.1) Just like in the case (2.1) above, we first notice that an operator of the 

form / Tp ipf can be decomposed into operators of the previous cases (1.1), (1.2) 
and (1.3) by means of the equations of motion. Therefore, we only have to consider 
one of two options, either D fJt fa tlu D u f, or D^fg^ v D v f. Let us choose the latter. By 
means of partial integration we can see that the term (d^f)d fl f yields the same action 
as the term —fd^d^f, and we only need to consider the case in which the covariant 
derivatives act on the same /, which is just the type of operator to be considered next. 

(3.2) By using the equations of motion twice we can relate the operator jjpjpf to 
operators of the type (1.1), (1.2) or (1.3). Either fa» u D^D u f, or fD^DJ needs to 
be considered. This time we choose the former, which can be proved to be nothing 
but the operator itself ( Eq. (|92|) ). 

5.1 Hermiticity and CP invariance 

The list of operators above is complete in the sense that it includes all non- 
equivalent dimension five interactions that satisfy gauge invariance. It is convenient 
now to analyze their CP properties. In order to make our study more systematic and 
clear we will re-write this list again, but this time we will display the added hermitian 
conjugate part in detail. By doing this the CP transformation characteristics will be 
most clearly presented too. 




h^ v t R d^Z u + h.c. 
i L t R d^ + h.c. 
h {R )^ v b R{L) D^W+ + h.c. 
iL{R)b R{L )D^W + ^ + h.c. 
i L ^ u t R Aau + h.c. 



(81) 
(82) 
(83) 
(84) 
(85) 



34 



Let us divide the list of operators in two: those with only the top quark, and those 
involving both top and bottom quarks. 

5.1.1 Interactions with top quarks only 

Let's begin by considering the operator O g zz- We will include an arbitrary con- 
stant coefficient, denoted as a, which in principle could be complex: 

O gZZ = at L t R Z^ + a*i R t L Z^ 

= Re{a)ttZ il Z lx + Im(a)ii^ b tZ^ 

Our hermitian operator has naturally split into two independent parts: one that 
preserves parity (scalar), and one that does not (pseudoscalar). Also, the first part 
is CP even whereas the second one is odd. The natural separation of these two parts 
happens to be a common feature of all operators with only one type of fermion field. 
Nevertheless, not always will the parity conserving part also be the CP even one, as 
we shall soon see. 

Below, the complete list of all 7 operators with only the top quark is given. In 
all cases the two independent terms are included; the first one is CP even, and the 



second one is CP odd. 

O g zz = jRe(a zzl )ttZ^ + ^Im(a zzl )it l5 tZ^ (86) 

O gWW = jRe(a wwl )itW^W^ + ^Im(a wwl )ii-f 5 tW^W-^ (87) 

O aWW = jIm(a ww2 )ita^tW+W- + jRe(a ww2 )ia^ '-y 5 tW+W; (88) 

Ozdj = jIm(a z3 )iiD^tZ» + jRe(a z3 )W^ 5 tZ» (89) 

Og D z = jlm(a z4 )it l5 td^ + -Re{a zi )ttd^Z» (90) 

O aDZ = jRe(a z2 )ia^td^Z u + ^Im{a z2 )ita^ lb td^Z u (91) 

A = ^-Re(a A )ta^tA^ + \lm{a A )it(j> xv lb tA^ ■ (92) 



Notice that in the operator O g oz the parity violating part happens to be CP even. 
This is because under a CP transformation a scalar term it remains intact, i.e. it does 
not change sign, whereas a pseudoscalar term i^t changes sign. The gauge bosons 
change sign too, and this is what makes the scalar part of the operator to change sign 
under CP. Compare with the operator O g zz, there we have two bosons; two changes 
of sign that counteract each other. Therefore, it is the scalar part that is CP even in 
Ogzz- Furthermore, based on the naive dimensional analysis (NDA) the coefficients 
of these operators are of order 1/A. Therefore, the normalized coefficients (the a's) 
are expected to be of order 1. 
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5.1.2 Interactions with both top and bottom quarks 



Below, we show the next list of 12 operators with both top and bottom quarks. 
Again, we include an arbitrary complex coefficient^: 

a wz iL(R)h(R)bR(L)yV^2^ + -^a* wzlL{R) b R{L) t L{R) W~ (93) 

a W z2L(R)i L (R)^' / b R{L) W^Z u + ja* wz2L{R) b R{L) (T^t L{R) W~ Z u (94) 

1 



OgWZL(R) = 


1 


A 


OaWZL(R) ~ 


1 


A 


OwDbL(R) = 


1 


A 


OwDtR(L) = 


1 


A 


OcrDWL(R) ~ 


1 


A 


OgDWL(R) = 


1 


A 



a bw3 L(R)W +,1 i L (R)D^ R{L) + ja* bw3L{R) W *DJ) R{L) t L{R) (95) 

1 

A' 

-^w2L(R) u R(L)v ^L(R)^^> 



a wm{L )W »b L{R) D,t R{L) + ja* w3R{L) W^D,t R{L) b L{m (96) 
a W 2L { R)i L{ R)^b R{L) D^+ + T<2L(RML)^t m DlW; (97) 



i W AL{R)h{R)bR { L)D^ 1 + ^a* wAL{R) b R{L) t L{R) DlW » (98) 

In this case, if a is real (a = a*) then O g y\>zL(R) and O a DWL(R) are both CP even, but 
O a wzL(R), WDbL ( R ), WDtR (L) and O gDW L(R) are odd. Just the other way around if 
a is purely imaginary. 

The dimension five lagrangian is simply the sum of all these 19 operators ( 
Eqs. © to © ): 

£ (5) = £ Oi . (99) 

i=l,19 

To study the possible effects on the production rates of top quarks in high en- 
ergy collisions, only the CP conserving parts which give imaginary vertices (like the 
SM) are relevant. The amplitude squared will depend linearly on the CP even terms, 
but only quadratically on the CP odd terms, because the no-Higgs SM (C^) interac- 
tions^] are CP even when ignoring the CP- violating phase in the Cabibbo-Kobayashi- 
Maskawa (CKM) mixing elements. 

However, this does not mean that it is not possible to probe the CP violating 
phase in the operators. Later on in the next section we will show one observable 
that depends linearly on the CP odd coefficients. From now on, the appropriate 
CP even part (either real or imaginary) is assumed for each coefficient . To simplify 
notation we will use the same label; a zz \ will stand for Re(a zzl ), a wz2 L(R) will stand for 
Im(a WZ 2L(R)) , and so on, the only exception will be 04, whose real part is recognized 
as proportional to the magnetic moment of the top quark, and will be denoted by 
a m . It is thus understood that all coefficients below are real numbers. 



25 D^f R(L) stands for (L> M / fl (L)) t 7o; Ir(l) stands for (f R ( L ))ho- 

26 Since in the unitary gauge reproduces the SM without the physical Higgs boson, we will 
refer to it as the no-Higgs SM. 
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Figure 13: Production of tt (tb or bt) from W£W[ or Z L Z L (W£Z L or W£Z L ) 
fusion processes. 

In conclusion, the dimension 5 Lagrangian consists of 19 independent operators 
which are listed from Eq. (|86| ) to Eq. (|98|). Since the top quark is heavy (its mass 
is of the order of the weak scale), it is likely to interact strongly with the Goldstone 
bosons which are equivalent to the longitudinal weak gauge bosons in the high energy 
regime. (This is known as the Goldstone Equivalence Theorem [^TJ.) Hence, we 



shall study in the rest of this paper how to probe these anomalous couplings from 
the production of top quarks via the VlVl fusion process, where Vl stands for the 
longitudinally polarized W ± or Z bosons. 

6 Probing the dimension 5 anomalous couplings at 
the colliders 



As it is suggested by the very form of these operators, we decide to probe their 
potential contribution to high energy scattering processes like longitudinal vector 
boson (VlVl) fusions (see Figure [T3|), and study how they can affect the production 
rates of top quarks in both the LHC and the LC. For simplicity, in this study we 
shall take all the non-standard dimension four couplings to be zero. A general result 
including these operators are given in Ref. |p3fl . 

Before doing any calculation at all, we can make an estimate of the expected sizes 
of these tree level amplitudes according to their high energy behavior. A general 
power counting rule has been given that estimates the high energy behavior of a 
scattering amplitude T to be |22| 



r= cW^rY^r^r™/,)) , <ioo> 



AJ \v) \4irv) V E 
D E0 = 2 + ]T V n {d n + -/„ - 2) , D EL = 2L , 

n ^ 

where D? = 4 — e = (e is the number of external lines; 4 in our case), Nq 
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for all dimension 4 operators and No = 1 for all dimension 5 operators based upon 
the naive dimensional analysis (NDA)Q [ f24| , I6| , L = is the number of loops in 



the diagrams, H (\n(E / /j,)) = 1 comes from the loop terms (none in our case), e v 
accounts for any external f /i -linesQ(none in our case of VlVl — > tt, tb), V n is the 
number of vertices of type n that contain d n derivatives and f n fermionic lines. The 
dimensionless coefficient ct contains possible powers of gauge couplings (<?,</) and 
Yukawa couplings (?//) from the vertices of the amplitude T , which can be directly 
counted. 

At high energy the longitudinal components of the gauge bosons will dominate the 
production of top quarks coming from vector boson fusions, we will thus concentrate 
on their contribution from now on. According to the Goldstone boson Equivalence 
Theorem (ET) [^TJ, in the high energy limit we can substitute the longitudinal exter- 
nal weak boson lines with the corresponding Goldstone boson lines, and then perform 
a much easier calculation. In Figure |14| we show these diagrams for the ZlZl — > tt 



process (see also Figure 15). Let us start with the no-Higgs SM dimension 4 La- 
grangian contribution to the process Z^Z^ — ► tt. It is convenient to use an alternative 
non-linear parameterization that is equivalent in the sense that it produces the exact 



same matrix elements , but with the advantage that the couplings of the fermions 



with the Goldstone bosons do not contain derivatives, and we do not have to worry 
for high energy gauge cancellations. The desired form of the SM Lagrangian is given 
by 

41 = ^li^D^l + H R i^D^ R - (* L SM* fl + h.c. 

~\w; u W a ^ - ^B^B^ + V \r (D^D^T) , (101) 

M = 




D L »= d.-ig^WZ-ig'jB, 



D^= d.-ig'QjB,. 

In the above equation, Y = | is the hypercharge quantum number for the quark 
doublet, Qf is the charge of the fermion, ^ is the linearly realized left handed quark 
doublet, and is the right handed singlet for top or bottom quarks ( see Eqs. (|29| ) 
and (|31|) ). As we have just said, the advantage of using this parameterization for the 
no-Higgs SM case is that once we have made the ET substitution in the diagrams all 

27 NDA counts E as A , as -j, and fermion fields as — Hence, W ± , Z and A are also 

counted as 4. After this counting, one should multiply the result by v 2 A 2 . Notice that up to the 
order of intent, the kinetic term of the gauge boson fields and the mass term of the fermion fields 
are two exceptions to the NDA, and are of order A . 

28 w M is equal to e^ ' — where is the momentum of the gauge boson with mass My and 
is its longitudinal polarization vector. 
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Figure 14: The corresponding Goldstone boson diagrams for ZlZl — > ti, i.e. — > 
it. 

the high energy cancellations due to gauge boson self-interactions (that have nothing 
to do with the symmetry breaking sector) will be already taken care of, and we will 
thus be evaluating directly the high energy behavior of a SM with no Higgs boson. 

When we expand the S matrix field up to the second power ( see Eq. ([I]) ) in 
the mass term of Eq. ( |101| ), we will notice two things: (i) the first power term gives 
the usual mass term and associates the coefficient ct = m t /v to each vertex; 
(ii) the second power term generates the four-point diagram (Figure |l4l(c)) with a 
coefficient ct = m 2 /v 2 associated to its vertex. As it is well known, a mass term 
always involves a chirality flip, therefore we readily recognize that this diagram will 
only participate when the chiralities of the top and anti-top are different. Since in 
the high energy regime the mass is much smaller than the energy of the fermions, 
different chiralities mean equal helicities (for the particle-antiparticle pair). Hence, 
for the case of opposite helicities we only count the power dependance for diagrams 
2(a) and 2(b), and take the highest one. For final state fermions of equal helicities 
we consider all three diagrams. 

The results are the following: for diagrams 2(a) and 2(b) we have Deo — 2 + 
(— 1) + (—1) = , thus the amplitude T ±T is of order m 2 /v 2 ; which is the contribution 
given by the coefficients ct from both vertices. On the other hand, diagram 2(c) has 
-Deo = 2 — 1 = 1; the equal helicities amplitude T±± will be driven by this dominant 
diagram, therefore T±± = m t E/v 2 . 

For the other processes; W^W^ — > ti and W^Z L — > tb, the analysis is the same, 
except that there is an extra s-channel diagram (see Figures [16] and [L7] ) that usually 



behaves just like the four point diagram |Tj(c). 



For the dimension 5 anomalous operators we do not expect a priori any gauge 
cancellations at high E. We therefore expect the parameterization used for our ef- 
fective operators to reflect this high energy behavior. Actually, the chiral lagrangian 
parameterization given by Eq. (|32|) , which organizes the new physics effects in the 
momentum expansion p4] , [16| , is the only framework that allows the existence of such 



dimension 5 gauge invariant operators. On the other hand, we know that as far as the 
no-Higgs SM contribution to these anomalous amplitudes is concerned, it is better 
to use the equivalent parameterization of Eq. (|101|) , because the right high energy 
contribution from this model is made easily and consistently. We will therefore use 
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the appropriate couplings from Cg M and in our next power counting analysis. 

In principle, we can evaluate the contribution to the diagrams 2(a) and 2(b) when 
both vertices are anomalous, but this would be suppressed by two powers of the cut- 
off scale; we will just ignore it. We are only considering the contribution from one 
dimension 5 coupling at a time. 

As an example, let us take the operator with derivative on fermion Ozdj and 
apply the expansions of the composite fields: 

Ozdj = a z3 itD^tZ» 

= -^-a z3 iiJ t d^ t Z"+ -a^d^td^ 3 + ■ ■ ■ (102) 
c w v 

Where ipt denotes the usual linearly realized top quark field, and • • • includes the 
photon field of the covariant derivative, the higher (than zeroth) order terms from 
the spinor field expansion, and so on. The important thing to notice is that the second 
term in the right hand side of Eq. ( |102| ) is the only one to consider, since all the others 
either have a lower energy dependance (less derivatives) or do not even represent the 
effective vertices relevant to the process of interest. Without having to perform similar 
expansions for all the other operators we can infer that the important effective vertex 
will always contain two derivatives; the coefficients ct will be |ao for the three-point 
operators with one derivative on the Goldstone boson field, and -^ao for four-point 
operators (with two derivatives on the Goldstone boson fields). Nevertheless, two 
operators are an exception to this rule: O a r>z and O a DWL(R)- For these operators the 
leading term vanishes; let us expand the second one (for example): 

a W 2L(R) h(R)^ u bR(L) D^W+ = -g a w2L{R) ip tL[R) a^ u ipbR(L) dpWy 

2 — 

+ - a w2L (R) tptL^a^tpbR^d^d^ H 

As shown, we have the important term vanishing because of the contraction between 
the antisymmetric a^ v and the symmetric Hence, this operator will not 

contribute to the leading high energy behavior for top quark productions via VlYl 
fusion at tree level. It can only contribute to the part of the amplitudes that vanish 
as g — > 0. 

As in the previous case of the no-Higgs SM, we expect a distinction between 
the T± T and T±± amplitudes. Actually, the situation is the same except for the 
fact that the anomalous vertex generated by the anomalous operators will yield a 
(d n + \ fn — 2) = 1 factor, whereas the dimension 4 SM operators yield a (—1) factor. 
Therefore, Deo = 2 + 1 + (—1) = 2 for the first two diagrams 2(a) and 2(b) and thus 
T± T is of expected to be of order 

m t v/E\ 2 
v A \ v ) 
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On the other hand, diagram 2(c) may be generated by either the direct contribution 
of four-point operators or the contribution from three-point operators when consid- 
ering higher order terms in their expansion. In each case the anomalous operators 
contribute with a (d n + \ f n — 2) = 1 factor which yields D EQ = 2 + 1 = 3, and the 
predicted value for T±± is 

v fE\ 3 
T±± ~ 4ao AUj • 

Naturally, this power counting formula can not predict the fact that sometimes 
an amplitude can be zero due to the different helicities of spinors. For instance, 
by performing the calculation of the amplitudes with external gauge bosons in the 
CM frame we can easily verify that the product of the spinors Ut[\t = =tl]t>t[Af = 
=1=1] vanishes^- This means that contributions from operators of the scalar-type, 
like Ogzz, O gWW , ZDf , O gWZ L(R), and WDtR ( L ) will vanish for T± T amplitudes. 
Also, we have the relation e M p M = applicable to all three polarizations of external 
on-shell boson lines, which will make the contribution of operators with derivative 
on boson and scalar Lorentz contraction like O g rjz and 9 dwl(r) to vanish in t- 
channel and u-channel diagrams (Figure |Tj|). In principle, one would think that 
the exception could be the s-channel type diagram. Actually, this is the case for 
the operator 9 dwl(-R) which is able to contribute significantly on the single top 
production process W£Z L — > tb (see Table 0). However, for the 9 dz operator even 
this diagram vanishes; as can be easily verified by performing the calculation in the 
CM frame. One will see that the result of making the Lorentz contraction between 
the boson propagator —g^ + k^/M^ and the tri-boson coupling is identically zero in 
the process W^W£ — » ti. Therefore, for the 9 dz operator all the possible Feynman 
diagrams vanish, so it does not contribute to the ti production rate. 

In Tables [I], |2|, and ^ we show the leading contributions (in powers of the CM 
energy E) of all the operators for each different process; those cells with a dash mean 
that no anomalous vertex generated by that operator intervenes in the given process, 
and those cells with a zero mean that the anomalous vertex intervenes in the process 
but the amplitude vanishes for any of the reasons explained above. 

we 



In conclusion, based on the NDA [24, [Lq] and the power counting rule [22 



have found that the leading high energy behavior in the VlVl — > ti or tb scattering 
amplitudes from the no-Higgs SM operators {C,g M ) can only grow as ' m r- (for T ++ or 
T , E is the CM energy of the top quark system), whereas the contribution from 



the dimension 5 operators (C^) can grow as -fr in the high energy regime. Let us 
compare the above results with those of the VlVl — > VlVl scattering processes. For 
these ViYl — > VlVl amplitudes the leading behavior at the lowest order gives 
and the contribution from the next-to-leading order (NLO) bosonic operators gives 



E 2 E 2 
A 2 v 2 



22|. This indicates that the NLO contribution is down by a factor of 4^- in 



A 2 



oi) 



ut [Af = +1] denotes the spinor of a top quark with right handed helicity. 
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Process 


£(4) 


o gZZ 


OgWW 




OgWZL(R) 








a zzl x 


Q*wwl X 


Q"ww2 X 


O-wzlL(R) X 


a W z2L(R) X 


z L z L -> tt 


m t E/v 2 


E :i /v 2 A 












m t E/v 2 




E 3 /v 2 A 


£ 3 /t; 2 A 








m 2 t /v 2 








£ 3 /*; 2 A 


£ 3 /*; 2 A 



Table 1: The leading high energy terms for the 4-point operators. 



Process 


£(4) 


OzDf 

a 23 x 


OyvDtR 


OyvDtL 


Z L Z L -> 


mtE/v 2 


E 3 /v 2 A 






^ + iy L -> tt 


m t E/v 2 


E 3 /v 2 A 


E 3 /v 2 A 


m b E 2 /v 2 A -> 


W^+Z L -> tt 


m 2 /v 2 


E 3 /v 2 A 


E 3 /v 2 A 


£ 3 /*; 2 A 



Table 2: The leading high energy terms for the operators with derivative-on-fermion. 



Process 


£(4) 


OgDZ 

a z4 x 


OgDWL(R) 
d w 4 X 


OcrDZ 


OcrDWL(R) 

a w2 x 


A 


Z L Z L -> tt 


mtE/v 2 







g 2 E/A 






W^Wf -> tt 


m t E/v 2 








E 3 /v 2 A 


g 2 E/A 


E 3 /v 2 A 




m 2 /v 2 





E 3 /v 2 A 


g 2 E/A 


E 3 /v 2 A 





Table 3: The leading high energy terms for the operators with derivative-on-boson. 
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VlVl — > VlVl- On the other hand, the NLO fermionic contribution in Vl^l — ► ii or ife 
is only down by a factor which compared to turns out to be bigger by a factor 

of ^- ~ 4y / 2vr for A ~ 47Tf . Hence, we expect that the NLO contributions in the 
VlVl — > it or i& processes can be better measured (by about a factor of 10) than the 
VlVl — > VlVl counterparts for some class of electroweak symmetry breaking models 
in which the NDA gives reasonable estimates of the coefficients. 

As to be shown later, the coefficients of the NLO fermionic operators in can 
be determined via top quark production to order 10~ 2 or 1CT 1 . In contrast, the 
coefficients of the NLO bosonic operators are usually determined to about an order 
of 1CT 1 or 1 |2T|, ^3] via VlVl — > VlVl processes. Therefore, we conclude that the top 
quark production via the longitudinal gauge boson fusions VlVl — > it or ib at high 
energy may be more sensitive for probing some symmetry breaking mechanism than 
the scattering of longitudinal gauge bosons alone (VlVl — > VlVl). 

Our next step is to study the production rates of it pairs and single-i or single-i 
events at future colliders like LHC and LC. We will also estimate how accurate these 
NLO fermionic operators can be measured via the VlVl — > it or ib processes. 

6.1 Underlying custodial symmetry 

To reduce the number of independent parameters in this study, we shall make the 
same assumption of an underlying custodial symmetric theory that gets broken in 
such a way that only the couplings that involve the top quark get modified; as was 
done for the case of -* ( see Eq. ( jB2f) and the discussion there ). The analysis for the 
operators with derivatives is exactly the same. The custodial symmetric dimension 5 
Lagrangian has the same SU{2) structure 30 as C {custodial) in Eq. (H): 

£ {5denv) = K^Flg^D^^FR + K { STEa^D,W^r a F R + h.c. , (103) 

and the symmetry breaking term will also be similar to £( EWSB ) in Eq. (|60|) . Therefore 
the conclusion is the same, that in order to keep the couplings b-b-Z unaltered we 
have to conform to the matrix structure of £ ( - 4 '- ) in Eq. (|6^), and this will impose the 
condition 

a z(2,3,4) = V / 2a w ( 2 ,3,4)L(i?) (104) 

to all the operators with derivatives. 

For the case of 4-point operators the situation is somewhat different. The custodial 
Lagrangian in this case is of the form: 

c (5custod) = K ft-FL~g^W*T a W b v T b F R + ^Fla^W^T a W b v r b F R 

30 Notice that the composite left and right handed doublets Fl.r transform in the same way under 
global SU(2) R x SU(2) L , F l , r -> F L R = RF L , R with R in SU(2) R . 
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19 { W^Wl + 2W+W- j 



and for the symmetry breaking Lagrangian we can consider two terms: 

c ( 5 ewsb) = d" ( /^^W^y^r 6 ^ + ^^^rV^ 

c=g,a 

+ #MVT 3 Wyf ) (106) 



where K^f' is real and k^c* is complex. As it turns out, in order to set the anomalous 
couplings of the bottom quark equal to zero, we have to choose = 0, and k^' 
real and half the size of k-^' («ic* = ^^2c f° r c = 9i a )- The non-standard 4-point 
dimension 5 interactions will then have the structure 







(107) 



where c^ v is either g^ u or o^ v . 

In conclusion, by assuming that our dimension 5 interactions are the result of 
an underlying custodial symmetric theory that is broken in such a way that only 
the couplings of the top quark get modified from the SM values, we can impose the 
following conditions to the effective coefficients: 

a z(2,3,4) = V / 2a w (2,3,4)L(fl) , 
a wzlL(R) = 0'wz2L{R) = . 

6.2 Production rates for Z^Zl, WlWl, and WlZl fusion pro- 
cesses 



Below, we present the helicity amplitudes for each process. We have simplified 
our analysis as much as possible by considering only the leading terms in powers of 
E, and by assuming an approximate SU(2) custodial symmetry. As a rule, the next 
to leading contribution in the E expansion is always two powers down as compared 
to the leading contribution. Also, the special case of custodial symmetry is assumed 



in this study; the amplitudes for the most general case are presented elsewhere |p3 
6.2.1 Z L Z L -> ti 
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WW 



wvv 




t z 




Figure 15: Diagrams for the ZZ — > tt process. 

Comparing with the results for W^Wl and WlZ l fusions, this is the amplitude 
that takes the simplest form with no angular dependance. This means that any new 
physics effects coming through this process only modify the S-partial wave amplitude. 
The notation for the amplitudes indicates the helicity of the outgoing fermions: the 
first (second) symbol (+ or — ) refers to the fermion on top (bottom) part of the 
diagram. A right handed fermion is labelled by '+', and a left handed fermion by 
'— '0. Figure [15] shows the diagrams that contribute to this process. We take only 



one anomalous vertex at a time. 

The leading contributions to the various helicity amplitudes from the dimension 
5 operators are (E = \fs is the CM energy of the VlVl system): 



azz +A 
azz + . 



—azz- 
azz |_ 



V A ' 



(109) 



where 



X — a zzl 



3 S * 



a Z 3 



(110) 



Notice how at this stage it is impossible to distinguish the effect of the coefficient 
a zz i from the effect of the coefficient a z $. However, in the next section we will show 
how we can still combine this information with the results of the other processes, and 
obtain bounds for each coefficient. 



6.2.2 



tt 



The amplitudes of this process are similar to the ones of the previous process 
except for the presence of two s — channel diagrams (see Figure [16]), whose off-shell 7 
and Z propagators allow for the contribution from the magnetic moment of the top 
quark and the operator with derivative on boson O a r,z (d z2 ), respectively. Also, since 
these two operators are not of the scaZar-type, we have a non-zero contribution to 
the T±=p amplitudes, and an angular dependance that will help in distinguishing the 

31 For example, the anomalous amplitude azz ++ stands for the anomalous contribution to the 
amplitude for the production of right handed t and t via ZlZl fusion. 
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w+ vwv 

w- WW 




Figure 16: Diagrams for the WW — > tt process. 

effect of their coefficient X m from the effect of the coefficient for the scalar operators 
X' . Throughout this study, the angle of scattering 9 in all processes is defined to 
be the one subtended between the center of mass momentum of the incoming gauge 
boson that appears on the top-left part of the Feynman diagram (W + in this case) 
and the momentum of the outgoing fermion appearing on the top-right part of the 
same diagram (t in this case). 

The leading contributions to the various helicity amplitudes for this process from 
the dimension 5 operators are: 



aww ++ = 



aww_ 



+ 



aww + - 



where 



-avow. 



-2 E 3 (X' + 2X m c e 



A 



8-£/ 2 X n 
— 2-m t s fl — 



\a z3 



A 



8E 2 (X m - \a z3 ) 

—m t s e ± J - 

v A A 



(111) 



X — 2a zzl + -a z3 , 

v 111 

X m — a m — —a Z 2 + ~^ a z3 + ~<iww2 



(112) 



Notice that the angular distribution of the leading contributions in the T±± am- 
plitudes consists of the flat component (S-wave) and the dj = cos# component 
(P-wave). The T ±T helicity amplitudes only contain the d^ ±1 = — ^j=- component. 
This is so because the initial state consists of longitudinal gauge bosons and has zero 
helicity. The final state is a fermion pair so that the helicity of this state can be — 1, 
0, or +1. Therefore, in high energy scatterings the anomalous dimension 5 opera- 
tors only modify the leading contributions on the S-type and P-type partial waves of 
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Figure 17: Diagrams for the WZ — > tb process. 

the scattering amplitudes. We also note that, as expected, T±± has an E 3 leading 
behavior, whereas T± T only has an E 2 contribution. 

6.2.3 WtZ L -> tb 



Finally, we have the amplitudes for the single-top quark production process W + Z 



tb (which are just the same as for the conjugate process W~ Z — > bt). Figure 17 shows 
the diagrams that participate in this process. 

The leading contributions to the various helicity amplitudes for this process from 
the dimension 5 operators areQ: 



where 



awzt-i 

awzt- 
awzt^ 
awzt. 



2V2E 3 (Xi ~ X 2 c e - (ffi - 1 - c e )X, 

v 2 A 
-2V2E 3 (Xi ~ X 2 c e - (2f + Ce - l)X, 



A 



2^2E 2 (X 3 + X 2 ) 
o — rn t so - 



A 

2y/2E 2 (X 2 - 3X 3 ) 
o — m tSe - 



X l 
X 2 



A 



2 

1 2 

2 C w a z2 



;a Z 3 ■ 



(113) 



(114) 



:S2 



For the approximate custodial symmetry case, the 4-point vertex diagram does not contribute. 
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Here, as in the previous case, we can distinguish the effect from the three coeffi- 
cients Xi, X 2 , and X 3 by looking at their different angular contribution; Xi's is flat, 
AVs and A3 is in part through sg and in part through cq. 

In order to simplify our numerical analysis we have made the approximation 

aww + ^ ~ avow |_. We have verified numerically that the error thus introduced, 

is of about 5% or less; depending on the difference between X m and a z3 or the value 
chosen for the angle of scattering 9. 

6.3 Top quark production rates from VlVl fusions 



As discussed above, the top quark productions from VlVl fusion processes can 
be more sensitive to the electroweak symmetry breaking sector than the longitudinal 
gauge boson productions from VlVl fusions. In this section we shall examine the 
possible increase (or decrease) of the top quark events at the future hadron collider 
LHC (a pp collider with y/s = 14 TeV and 100 fb -1 of integrated luminosity) and the 
future electron linear collider LC (an e~e + collider with y^s = 1.5 TeV and 200 fb~ 
of integrated luminosity)^. 

To simplify our discussion we shall assume an approximate custodial symmetry 
and use the helicity amplitudes given in the previous section to compute the produc- 
tion rates for it pairs and for single-t or t quarks. We shall adopt the effective-W 
approximation method [O] and use the CTEQ3L parton distribution function with 



the factorization scale chosen to be the mass of the W-boson [59 . For this study we 



do not intend to do a detailed Monte Carlo simulation for the detection of the top 
quark; therefore, we shall only impose a minimal set of cuts on the produced t or b. 
The rapidity of t or b produced from the VlVl fusion process is required to be within 
2 (i.e. < 2) and the transverse momentum of t or b is required to be at least 20 
GeV. To validate the effective-W^ approximation, we also require the invariant mass 
Myy to be larger than 500 GeV. 

Since we are working in the high energy regime E ^> v, the leading contributions 
(proportional to E 3 ) to the VlVl it or tb scattering amplitudes that come from 
the dimension 5 operators in C^ 5 > and the leading contributions (proportional to E l ) 
from the no-Higgs SM Lagrangian C^ M become a very good approximation. 

It is apparent from the helicity amplitudes listed in the previous section that the 
top quark production rates from VlVl fusion depend on a few independent dimension 
5 operators. For instance, for W^Zl fusion the production rates depend on the 
combined coefficients (XI, X2, X3), for W^WJ^ fusion depends on {X , X m ), and 
for ZlZl fusion only depends on (X). 

As noted before, in all the T±± amplitudes, the dimension 5 operators will only 
modify the constant term (S-wave) and the cos 9 (P-wave: dl Q ) dependence in the 



:s:s 



This is another energy phase of the proposed LC. 
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Figure 18: Number of events at the LHC for W^W^ , Z L Z L and W£Z L fusion. The 
variable X stands for the effective coefficients X, X and X\ (Eqs. ( |110| ), ( |112| ) and 
( |1 1 D respectively). 



angular distributions for the leading E 3 contributions, whereas all the T± T amplitudes 
have a sin# (P-wave: dl ±1 ) dependence in their leading E 2 contributions. In general, 
the contributions to these partial waves do not cancel. Hence, let us examine the 
dependence of the top quark production rates as a function of the coefficients of 
the operators that only contribute the S-partial wave of the scattering amplitudes. 
Namely, they are X , X and Xi for the W£W£, Z L Z L and W^Z L fusion processes 
respectively^. The predicted top quark event rates as a function of these coefficients 
are given in Figures [18] and [19| for the LHC and the LC, respectively. In these plots, 
neither the branching ratio nor the detection efficiency have been included. 

The no-Higgs SM event rates are given in Figures [T3| and ^ for X = 0. At the 
LHC, there are in total about 1500 it pair and single-t or t events predicted by the no- 
Higgs SM. The W^W^ fusion rate is about a factor of 2 larger than the ZlZl fusion 
rate, and about an order of magnitude larger than the W^Zl fusion rate. The W£Zl 
rate, which is not shown here, is about a factor of 3 smaller than the W^Z^ rate due 
to smaller parton luminosities at a pp collider. The large slopes of the W^W^ — > it 
and ZlZl — > it curves, as a function of X indicate that the scattering processes are 
sensitive enough to probe the anomalous couplings X and X respectively. 

For the LC, because of the small coupling of Z-e-e, the event rate for Z^Z^ — > it 
is small. For the no-Higgs SM, the top quark event rate at LC is about half of that at 
the LHC and yields about 550 it pair and single-t or t events. Again, we see that the 

34 In W^Z L — > ib, X 3 contributes to both, the S- and the P-partial waves. 
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Figure 19: Number of events at the LC for WlWl, Z l Z l and WlZ l fusion. The 
variable X stands for the effective coefficients X, X and X\ (Eqs. ( |110| ), ( |112| ) and 
( |1 1 D respectively). 



W^Wl — > tt rate is sensitive to the dimension 5 operators that correspond to X , 
but the ZlZl — > it rate is less sensitive^. Since the detection of the top quark at the 
LC would be easier than at the LHC (i.e. the detection efficiency would be larger), 
we conclude that the LC and the LHC can have the same sensitivity for probing the 
NLO fermionic operators via the W^W£ — > it process. 

The production rates shown in Figure [19] are for an unpolarized e~ beam at the 
LC. Assuming a longitudinally polarized e~ beam at the LC, the W^W£ — > it rate 
will be doubled because the coupling of the W boson to the electron is purely left 
handed so the parton luminosity of the W from the electron beam will be doubled 
if this beam is polarized. However, this is not true for the parton luminosity of Z 
because in this case the Z-e-e coupling is nearly purely axial-vector (1 — 4s^ ~ 0) 
and the production rate of Z L Z L — > it does not strongly depend on whether the 
electron beam is polarized or not. As shown in Figure [19] , if the coefficient of the 
anomalous dimension 5 operators is as large as ^ in magnitude then their effect can 
in principle^] be identified in the measurement of W^W^ fusion rate at the LHC and 
the LC. A similar conclusion also holds for the ZlZl and W^Zl fusion processes 
with somewhat less sensitivity. It is useful to ask for the bounds on the coefficients 
of the anomalous dimension 5 operators if the measured production rate at the LHC 
and the LC is found to be in agreement with the no-Higgs SM predictions (i.e. with 

35 Needless to say, the W£Zl rate is the same as the W^Zl rate at an e + e~ LC 
36 0f course, a complete study including signal versus background, detector efficiency, etc., would 
be necessary in order to confirm this. 
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X = 0). At the 95% CL. we summarize the bounds on the X's in Table Here, only 
the statistical error is included. In practice, after including the branching ratios of 
the relevant decay modes and the detection efficiency of the events, these bounds will 
become somewhat weaker, but we do not expect an order of magnitude difference. 
Also, these bounds shall be improved by carefully analysing angular correlations when 
data is available. 



Process 


LHC ( ) 


LC ( e+e" ) 


W^~ } Z L -> tb (bi) 


-.035 < X x < .025 


-.13 < Xx < .07 


wt { - ] z L -> tb (bi) 


-.045 < X 2 < .10 


-.12 < X 2 < .35 


wt { - ] z L -> ti (bi) 


-.19 < X 3 < .12 


-.65 < X 3 < .35 


wtwi -> tt 


-.022 < X' < .017 


-.06 < X' < .07 


W£WZ -> ti 


-.11 <X m < .06 


-.28 <X m < .13 


Z L Z L -> tt 


-.015 < X < .017 


-.07 < X < .08 



Table 4: The range of parameters for which the total number of events deviates by 
less than 2a from the no-Higgs SM prediction. 

As shown in Table |], these coefficients can be probed to about an order of 10~ 2 
to 10 _1 . For this Table, we have only consider an unpolarized e~ beam for the LC. 
To obtain the bounds we have set all the anomalous coefficients to be zero except the 
one of interest. (The definitions of the combined coefficients X, X , Xx, X 2 and X3 
are given in the previous section.) 

If the LC is operated at the e~e~ mode with the same CM energy of the collider, 
then it can not be used to probe the effects for W^W^ — > ti, but it can improve 
the bounds on the combined coefficients Xx, X 2 and X 3 because the event rate will 
increase by a factor of 2 for W^Z L — > bt production. 

By combining the limits of these ranges of parameters we can find the correspond- 
ing limits on the range of the effective coefficients a zzl , a z2 , a z3 , a zi , and a m . For ex- 
ample, if we consider the limits for the LC, we will see that the limits for a z2 and a z3 
are directly given by X 2 and X 3 , respectively. Then, we can combine this information 
with the limits given for X and X m , to find the limits for a zzl (—.38 < a zz \ < .24) 
and for a m (—.34 < a m < .3). If we consider one anomalous coupling at a time, then 
these bounds can be largely improved, for instance —0.03 < a zz \ < 0.04 from X' (for 
W^Wl — > ti scattering). 

The above results are for the LC with a 1.5 TeV CM energy. To study the possible 
new effects in the production rates of W^W£ — > ti at the LC with different CM 
energies E = y/s we plot the production rates for various values of X' in Figure 20 



(Again, X = stands for the no-Higgs SM). If X can be as large as —1.0, then a 1 
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Figure 20: Number of tt events at the LC from W^W L fusion for different values of 
the effective coefficient X as a function of the CM energy. 

TeV LC will already observe the anomalous rate via W£W£ fusion 37 . For X' = 0.5 
the event rate at 1.5 TeV is down by about a factor of 2 from the SM event rate 

6.4 CP violating effects due to dimension 5 interactions 

The complete set of anomalous dimension 5 operators listed in consists of 
CP-invariant and CP-violating operators. In our study of the top quark production 
rates due to these anomalous operators up to order j^, we have only considered the 
CP-even part of the operators. Their contribution, like the one from the no-Higss SM 
at tree level, is real. If the coefficient of the CP- violating part is not zero, then it will 
contribute to the imaginary part of the helicity amplitude, and one has to examine 
CP-odd observables to probe these operators. 

To illustrate this point, let us consider the CP-odd part of the four-point scalar 
type operator 9 ww an d the electric dipole moment term of ( Eqs. fl92| ) and (|87|) 



) . After including the contributions from the no-Higss SM and the above two CP-odd 
operators, the helicity amplitudes for the W^W£ — > tt process in the W^W£ CM 
frame are: 

m t E E 3 (a wwl + 2a d c e ) 

a±±= ± — 5 — h «2— , 

v f A 



37 If X is too big , partial wave unitarity is violated at this order. 

38 For positive values of X the rate tends to diminish below the SM rate, but then at some value 



near 0.5 the rate begins to grow back up towards the SM rate. 
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Where by a d and a ww \ we refer to the imaginary parts of the coefficients of 0_a and 
Ogvwv, respectively. 

One of the CP-odd observables that can measure a d and a ww \ is the transverse 
polarization P± of the top quark which is the degree of polarization of the top quark 
in the direction perpendicular to the plane of the W^W^ — > it scattering process. 

It was shown in Ref. Jn| that 



P± = 





21m ^a^j_ + a h 


■f a* + _a ) 




\ww ++ \ 


2 + TO + _ 


2 + 




2 + 


\ww 


2 



(116) 



which gives, up to the order ^, 

p ^ ^s e E (a wwl + 2a d c e ) 

F± = (fH + (1 - «) (1 - #)) A ■ ' 7) 

Where i£ = \/i is the CM energy of the W + W~ system, and P± is defined to be a 
value between —1 and 1. For instance, for E = 1.5 TeV, A = 3 TeV, and 9 = | (or 
f ), we obtain P± = Aa ww i (or A\/3(d wwl + ad))- Since Pj_ is bounded to be 1 by 
definition, this requires | a ww i \< \ and | a ww \ + a d \< j^=. 

If we consider a 1.5 TeV e + e~ collider with a number of it events from W^W£ 
fusion of approximately 100 ( which is approximately the no-Higgs SM rate for a 
W + W~ invariant mass between 800 GeV and 1100 GeV ) and assume that P± can be 
measured to about -7= = 10%, then an agreement between data and the no-Higgs 
SM prediction (P± = at tree level) implies that | a wml | < 0.04 for the case that 
a d = 0. 



7 Conclusions 



Because top quark is heavy (m t ~ u/v2), it is likely that the interaction of the 
top quark can deviate largely from the SM predictions if the electroweak symmetry 
breaking and the generation of fermion masses are closely related. In this study, 
we have applied the electroweak chiral Lagrangian to probe new physics beyond the 
SM by studying the couplings of the top quark to gauge bosons. We have restricted 
ourselves to only consider the interactions of the top and bottom quarks and not the 
flavor changing neutral current vertices like t-c-Z. Furthermore, seeing the heaviness 
of the top quark as a possible indication that any new physics effects associated 



53 



to the symmetry breaking (and mass generating) sector will manifest themselves 
preferably on this particle, we have considered only the couplings that involve the 
top quark as showing possible deviations from the standard values. (The vertex 
b-b-Z is considered unmodified.) We introduced 4 effective coefficients: two that 
represent the non-standard couplings associated to the left and right handed charged 
currents and Kr C , and two more for the anomalous left and right handed neutral 
currents Kj? and . Then, we used the precision LEP data to set bounds on the 
couplings i i and , and we also discussed how the SLC measurement of 
Alr can modify these constraints. The right handed charged current coupling 
has to be constrained by means of the CLEO measurement on b — > sj. Last, we 
showed how to improve our knowledge about the top quark nonstandard couplings 
at current and future colliders such as at the Tevatron, the LHC, and the LC. 

Because of the non-renormalizability of the electroweak chiral Lagrangian one can 
only estimate the size of these nonstandard couplings by studying the contributions 
to LEP/SLC observables at the order of m 2 In A 2 , where A = Attv ~ 3 TeV is the 
cutoff scale of the effective Lagrangian. Nevertheless, this does not mean we can 
not extract useful information. For instance, by assuming that the b-b-Z vertex is 
not modified, we found that K% C is already constrained to be —0.05 < < 0.17 
(0.0 < < 0.15) by LEP/SLC data at the 95% C.L. for a 160 (180) GeV top 
quark. Although k^ c and k% c are allowed to be in the full range of ±1, the precision 
LEP/SLC data do impose some correlations among , Kr C , and k£ c . (k^ c does 
not contribute to the LEP/SLC observables of interest in the limit of mb = 0.) 

Inspired by the experimental fact p m 1, reflecting the existence of an approxi- 
mate custodial symmetry, we related k^ c and re£ . Then, the remaining two free 
parameters kl = an d kr = k r C get to be strongly correlated as well (kl ~ 2kr). 

We noted that the relations among the re's can be used to test different models 
of electroweak symmetry-breaking. For instance, a heavy SM Higgs boson (m# ^> 
m t ) will modify the couplings t-t-Z and t-b-W of a heavy top quark at the scale 
m t such that k^ c = 2re£ c ', re^ = — re|j , and k§ c = 0. Another example is the 
effective model discussed in Ref. [[| where, = 0, in which the low energy 

precision data impose the relation Kl ~ Kr. On the other hand, the simple commuting 
extended technicolor model presented in Ref. predicts that the nonstandard top 
quark couplings are of the same order as the nonstandard bottom quark couplings, 
and are thus small. 

Undoubtedly, direct detection of the top quark at the Tevatron, the LHC, and the 
LC is crucial to measuring the couplings of t-b-W and t-t-Z . At hadron colliders, 
k^ and can be measured by studying the polarization of the W boson from top 
quark decay in tt events, and from the production rate of the single top quark event 
via W-gluon fusion, W* or Wt processes. The LC is the best machine to measure 
and which can be measured from studying the angular distribution and the 
polarization of the top quark produced in e~e + collision. 
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If a strong dynamics of the electroweak symmetry breaking mechanism can largely 
modify the dimension 4 anomalous couplings, it is natural to ask whether the same 
dynamics can also give large dimension 5 anomalous couplings. In the framework 
of the electroweak chiral Lagrangian, we have found that there are 19 independent 
dimension five operators associated with the top quark and the bottom quark sys- 
tem. The high energy behavior, two powers in E above the no-Higgs SM, for the 
ViYl — > tt, tb, (or bt) processes, gives them a good possibility to manifest them- 
selves through the production of ti pairs or single-t or t events at the LHC and LC 
in high energy collisions. Since in the high energy regime a longitudinal gauge boson 
is equivalent to the corresponding would-be Goldstone boson (cf. Goldstone Equiv- 
alence Theorem [21]), the production of top quarks via VlVl fusions can probe the 
part of the electroweak symmetry breaking sector which modifies the top quark in- 
teractions. To simplify our discussion on the accuracy for the measurement of these 
anomalous couplings at future colliders, we have taken the dimension 4 anomalous 
couplings to be zero for this part of the study. Also we have considered a special class 
of new physics effects in which an underlying custodial SU(2) symmetry is assumed 
that gets broken in such a way as to keep the vertices of the bottom quark unaltered 
(as was done for the dimension 4 case). This approximate custodial symmetry then 
relates some of the coefficients of the anomalous operators. Then we study the contri- 
butions of these couplings to the production rates of the top quark. We find that for 
the leading contributions at high energies, only the S- and P-partial wave amplitudes 
are modified by these anomalous couplings if the magnitudes of the coefficients of the 
anomalous dimension 5 operators are allowed to be as large as 1 (as suggested by the 
naive dimensional analysis [f24], Pf), then we will be able to make an unmistakable 



identification of their effects to the production rates of top quarks via the longitudinal 
weak boson fusions. However, if the measurement of the top quark production rate is 
found to agree with the SM prediction, then one can bound these coefficients to be at 
most of order 10~ 2 or 10 _1 . This is about a factor ~ -^J^y ~ O(10) more stringent 
than in the case of the study of NLO bosonic operators via the VlVl — > VlVl scatter- 



ing processes pl| , p2| , pq| . Hence, for those models of electroweak symmetry breaking 
for which the naive dimensional analysis gives the correct size for the coefficients of 
dimension 5 effective operators, the top quark production via VlVl fusions can be a 
more sensitive probe to EWSB than the longitudinal gauge boson pair production via 
VlVl fusions which is commonly studied. For completeness, we also briefly discuss 
how to study the CP-odd operators by measuring the CP-odd observables. In this 
paper we study their effects on the transverse (relative to the plane of W^W^ — > ti 
scattering) polarization of the top quark. 

In conclusion, the production of top quarks via VlVl fusions at the LHC and 
the LC should be carefully studied when data is available because it can be sensitive 
to the electroweak symmetry breaking mechanism, even more than the commonly 
studied VlVl — > VlVl processes in some models of strong dynamics. 
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